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The purpose of this Colorado E. coli Toolbox is to provide a consolidated resource to support local
governments with Municipal Separate Storm Sewer System (MS4) permits working to reduce E. coli
loading to impaired waterbodies in Colorado. As of 2026, approximately 105 stream segments in
Colorado are identified as impaired or in need of additional monitoring and evaluation due to elevated
E. coli concentrations relative to recreational water quality standards. This Toolbox provides a concise
overview of regulations driving Total Maximum Daily Loads (TMDLs) and MS4 permit conditions and
focuses on approaches to understanding sources of E. coli, potential non-structural and structural best
management practices (BMPs) to reduce E. coli loading, and regulatory alternatives.

Pathogens (disease-causing organisms) are impractical to monitor directly, so fecal indicator bacteria
(FIB) are used as a surrogate to indicate risk of gastrointestinal iliness in place of direct measurement of
pathogens. Although there are limitations with use of E. coli for this purpose, the U.S. Environmental
Protection Agency (EPA 2012) concluded that E. coli (or enterococcus) were the best currently available
indicators appropriate for use in nationally applicable recreational criteria. When communicating with
the public, it is often important to clarify that the FIB called E. coli are not equivalent to the pathogenic
strain of E. coli (0157:H7) that the public may be familiar with due to highly publicized foodborne illness
outbreaks.

Most streams in Colorado’s urban areas are assigned “existing primary contact” recreation standards.
Primary contact recreation is defined as “recreational activities where the ingestion of small quantities
of water is likely to occur. Such activities include but are not limited to swimming, rafting, kayaking,
tubing, windsurfing, water-skiing, and frequent water play by children” (WQCC 2012). Colorado’s
primary contact standard of 126 colony forming units per 100 milliliters (cfu/100 mL) for E. coli is
expressed as a not-to-be-exceeded geometric mean value, which is consistent with EPA’s 2012
Recreational Water Quality Criteria and corresponds to an allowable swimmer illness rate of 36 illnesses
per 1,000 exposures. Although a wide range of trends can occur for E. coli, a common trend in warm-
water Colorado streams is elevated E. coli during the summer and/or early fall months and attainment
of the standard during the winter.

As of early 2026, the Water Quality Control Division (Division) has finalized seven E. coli TMDLs in
Colorado, including four segments in the South Platte River Basin, Wildhorse Creek in the Arkansas River
Basin and two segments in the Grand Valley that are tributary to the Lower Colorado River. Each of
these TMDLs includes unique aspects, although basic requirements for EPA-approvable TMDLs are
included in each. The Division has prioritized completion of additional E. coli TMDLs as a high priority on
its near-term planning horizon.

Sources of pathogens and FIB in MS4s and receiving waters vary widely, originating from both non-
human and human sources. Representative sources of FIB in urbanized areas in Colorado may include
sewer leaks into and illicit connections to storm drain systems (e.g., sanitary sewer connections to the
storm drain), SSOs (sanitary sewer overflows), wet weather (stormwater) discharges from MS4s (which
mobilize and convey sources deposited on land surfaces), illicit discharges to storm drain systems (e.g.,
recreational vehicle dumping), failing or improperly located onsite wastewater treatment systems
(septic systems), wastewater treatment plants (if not meeting discharge permit limits), urban wildlife,
domestic pets, agriculture, and other sources. Allowed discharges to MS4s such as irrigation runoff and
uncontaminated groundwater discharges may also transport FIB originating from other sources. It is
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beneficial for MS4 permittees to have a broad understanding of the diverse sources of E. coli that may
contribute to waterbody impairments; however, MS4 permittees are only responsible for controlling
sources contributed through their MS4. In addition to fecal sources, non-fecal sources or reservoirs of
FIB exist. These include sediments in receiving waters, biofilms in storm drains and waterbody
substrate/sediments, and naturalized FIB associated within plants and soil. Although agricultural sources
are not the focus of this Toolbox, both livestock and manure management can be sources of FIB in
watersheds where MS4 permittees are working toward watershed-scale solutions.

Although some FIB sources can be controlled to an appreciable extent (e.g., wastewater discharges,
sanitary sewer leaks, illicit connections), other sources are much more difficult to control. These diffuse,
ubiquitous, and often mobile sources include anthropogenic (e.g., unsheltered populations) as well as
non-anthropogenic sources such as wildlife (e.g., raccoons, beavers, and birds). Furthermore, not all
sources present the same public health threat; human fecal sources present a much higher illness risk
than most non-human and non-fecal sources. Properly accounting for and identifying potential sources
in a particular area are the first steps in working toward minimizing FIB and pathogen contributions from
controllable sources and protecting public health.

Monitoring strategies to characterize local sources of FIB can range from simple and relatively
inexpensive sample collection and analysis of FIB and basic water quality parameters to higher cost
microbial source tracking (MST) approaches relying on advanced molecular methods. It is recommended
that entities with wasteload allocations in E. coli TMDLs begin with simple methods to identify and
prioritize anthropogenic FIB sources in their drainage areas and collection systems and then target
source control strategies to address these. Monitoring and source tracking techniques selected may be
limited by budget constraints, regulatory drivers, and available technical expertise. Although monitoring
and investigation can be costly, these costs are typically much less than the cost of structural
stormwater control measure (SCM) implementation. It is typically worthwhile to invest in a well-
designed monitoring program that enables well-supported identification of sources to determine source
controls and, where necessary, structural SCMs that effectively target highest priority (or highest risk)
sources. This approach is expected to provide the greatest likelihood of achieving meaningful
contributions to public health protection and recreational beneficial use restoration. Monitoring
programs should utilize adaptive management principles, evolving over time as new information
becomes available.

The foundation of E. coli load reduction plans is source controls, which are non-structural measures
(behaviors) that help to reduce the E. coli sources and/or flow sources that are transporting E. coli to the
storm drainage systems. Effective implementation of source control practices typically involves
coordination with multiple local government departments, including sanitary sewer collection system
owners/operators. Interdepartmental and interjurisdictional coordination and collaboration are
essential to achieving meaningful pathogen and FIB reduction.

SCMs, also referred to as permanent post-construction best management practices (BMPs), are key
tools to help reduce E. coli loading in urban runoff. Options include flow-through and volume reduction-
based treatment controls. Existing performance data indicate that passive (i.e., non-disinfection) SCMs
are unlikely to consistently achieve primary contact limits in treated effluent; therefore, volume
reduction-based SCMs are an important structural control strategy for achieving bacteria load
reductions. Green infrastructure approaches should be considered because they encourage infiltration
of stormwater and reduce dry weather flows. Treatment SCMs with performance data indicating the
potential ability to reduce E. coli concentrations include retention (wet) ponds, media filters,
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bioretention facilities and subsurface flow wetlands. Site-specific constraints, cost and sustainability
(ability to maintain performance over time) will also affect selection of SCMs that are suitable for any
particular site. Active treatment, such as ultraviolet (UV) disinfection and diversion of dry-weather low
flows to the sanitary sewer system, are generally a last resort for controlling E. coli discharges to
receiving waters, due to their high cost and other factors.

In some urban areas across the United States, multi-million or billion-dollar MS4 implementation plans
have been developed to address FIB TMDLs; thus, substantial benefits may be gained by well-developed
and clearly targeted special studies prior to embarking on expensive capital improvement programs. For
example, EPA’s 2012 Recreational Water Quality Criteria recognize the need for and allow the
development of site-specific standards based on demonstration that local illness risks are low (due to
the predominance of non-human sources). Meanwhile, MST techniques have become better validated,
standardized, commercialized, and familiar/acceptable to state and federal water quality regulators over
the past few years. Therefore, use of MST has become more common, including for the use of risk-based
analysis. Experience is still being developed for use of tools such as Quantitative Microbial Risk
Assessment (QMRA) to modify water quality standards (or discharger-specific variances) after human
sources are demonstrated to be absent or mostly absent.
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As of 2026, approximately 105 stream segments in Colorado are identified as impaired or in need of
additional monitoring and evaluation due to elevated E. coli concentrations relative to recreational
water quality standards. For streams identified as impaired on Colorado’s “303(d) List,” typically the
next step is development of a total maximum daily load (TMDL), which determines the load reductions
needed to attain recreational water quality standards. As of 2026, there are seven completed E. coli
TMDLs in Colorado with more than a dozen TMDLs prioritized for development through 2028. In urban
areas, municipal separate storm sewer systems (MS4s) subject to Colorado Discharge Permit System
(CDPS) permits may have additional permit requirements to reduce E. coli loading as a result of these
TMDLs.

The purpose of this Toolbox is to provide a consolidated resource to support local governments with
MS4s working to reduce E. coli loading to impaired waterbodies. Although the issue of E. coli
impairment in urban areas is complex, this Toolbox has been kept as simple as possible with the
intention of providing readers with a broad range of backgrounds a resource to develop a general
understanding of the issues and to provide tools that may be useful for reducing E. coli loads from urban
areas. This Toolbox is organized into six chapters including:

= Introduction: this chapter provides a basic overview of recreational water quality criteria and
use impairment, Colorado’s approach to bacteria TMDLs, and a basic overview of considerations
for building an E. coli control program in the context of MS4 permits.

=  Finding the Sources: the key to success in reducing E. coli loading to streams is understanding
and identifying the sources of FIB loading. This chapter provides an overview of source
identification techniques that a local government may want to consider for developing a better
understanding of sources.

e Developing a Control Strategy: controlling bacteria loads in urban areas can be both complex
and expensive. There is not a “one size fits all” solution for attaining recreational water quality
criteria in urban areas. This chapter provides general guidance on how to develop a control
strategy to progress from control of dry weather sources then wet weather sources, focusing
first on human-related sources of bacteria loading.

= Source Control Practices: source control practices are the foundation of E. coli load reduction
strategies. This chapter provides a description of source control practices that communities
should consider for reducing E. coli loading.

e Structural Control Measures: structural stormwater control measures (SCMs), also known as
best management practices (BMPs), can reduce dry weather and wet weather loading to
streams. Ideally, for dry weather discharges from MS4s, source controls are the primary
solution; however, some structural controls can be used for dry weather flows, typically as a last
resort. For wet weather flows, Mile High Flood District’s (MHFD) Urban Storm Drainage Criteria
Manual (Volume 3) is a key source of design information for structural SCMs suitable for use in
Colorado’s urban areas. This chapter provides additional information on performance
expectations for SCMs and techniques that help to enhance their performance.
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e Adaptive Management Prioritizing Human Health: Although Colorado’s recreational use criteria
focus strictly on attainment of numeric standards for E. coli regardless of source, local
governments and public health agencies should use adaptive management principles to
prioritize control of sources posing the greatest human health risk in areas where actual

recreation use occurs.

= Regulatory Alternatives: Colorado’s Basic Standards and Methodologies for Surface Water
(Regulation 31) define how water quality standards are adopted in Colorado, allowing
development of site-specific standards and discharger-specific variances (DSVs) under certain
conditions. Additionally, in its 2012 Recreational Water Quality Criteria update, the U.S.
Environmental Protection Agency (EPA) outlined three options for alternative or site-specific
standards for recreational water quality. Communities where these alternatives may be most
viable are those where human sources of bacteria have been mostly controlled. In 2024, EPA
released Technical Support Materials describing these options.

The Colorado Water Quality Control Commission (WQCC) establishes water quality standards to protect

designated uses for streams and lakes in Colorado. These
standards are reviewed on a routine basis and modified based
on changes in federal and state regulations and other factors.
Colorado streams are classified according to whether primary
contact is present, potentially present, not present or
undetermined. Practically speaking, unless a fence is in place to
preclude access, streams in urban areas are assigned primary
contact recreation standards.

Determination of impairment of a waterbody for recreational
use depends on the recreational use classification assigned to a
waterbody and assessment of available E. coli data following the
most current version of Colorado’s 303(d) Listing Methodology,
which is updated biennially. Consistent with EPA’s 2012
Recreational Water Quality Criteria (EPA 2012), Colorado uses
Escherichia coli (E. coli) as the indicator of potential fecal
contamination of waterbodies. Pathogens (disease-causing
organisms) are impractical to monitor directly, so fecal indicator
bacteria (FIB) are used as a surrogate to indicate risk of
gastrointestinal illness in place of direct measurement of
pathogens. Although there are a number of limitations with use
of E. coli for this purpose, EPA (2012) concluded that E. coli (or
enterococcus) were the best currently available indicators

Difference between Fecal Indicator
Bacteria (FIB) and Pathogens

Fecal matter often contains
pathogens, which are disease-
causing organisms. Because of
impracticality of testing for many
pathogens associated with fecal
waste, fecal indicator bacteria or
“FIB” are used as indicators of fecal
contamination. The FIB currently
recommended by EPA include
Escherichia coli (E. coli) and/or
enterococcus. Historically, fecal
coliform bacteria were also
recommended indicators. FIB are
not necessarily disease-causing and
may be present due to non-fecal
sources such as decaying plant
matter and other environmental
sources.

appropriate for use in nationally-applicable recreation criteria.! When communicating with the public, it
is often important to clarify that E. coli in the context of FIB are not equivalent to the pathogenic strain

1 EPA’s 2012 Recreational Water Quality Criteria include some provisions that allow for use of alternative
indicators, provided that equivalent protection of human health is provided. From a practical perspective,
significant epidemiological and/or risk-based verification of alternative indicators typically would be required for
such a standard to be adopted. See Section 7 for additional discussion and nuances.
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of E. coli (0157:H7) that the public may be familiar with due to highly publicized foodborne illness
outbreaks.

Water quality standards are expressed in terms of 1) magnitude (numeric value), 2) duration over which
the standard is assessed, and 3) frequency of allowed exceedances. In Colorado, the numeric values for
E. coli allowed in a waterbody depend on the assigned use, which includes existing (E) primary contact
recreation, potential (P) primary contact recreation (within the next 20 years), not (N) primary contact,
and unclassified (U) recreational use. Most streams in urban areas are assigned existing primary contact
recreation standards. Primary contact recreation is defined as “recreational activities where the
ingestion of small quantities of water is likely to occur. Such activities include but are not limited to
swimming, rafting, kayaking, tubing, windsurfing, water-skiing, and frequent water play by children”
(WQCC 2012). Many urban streams in Colorado have limited flows that preclude swimming and boating;
however, if the public can access the stream for activities such as wading and water play by children,
then a primary contact recreational use is typically assigned. Table 1 summarizes the numeric values
associated with Colorado’s currently applicable recreational water quality criteria. These standards are
assessed using static bimonthly intervals of January-February, March-April, May-June, July-August,
September-October, and November-December.
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Table 1. Recreational Water Quality Criteria for Colorado?

Standard for
Use o .
Classification Description E. coli
(cfu/100 mL)*
Class E: Existing | These surface waters are used for primary contact recreation or 196

Primary Contact | have been used for such activities since November 28, 1975.

These surface waters have the potential to be used for primary
contact recreation. This classification is assigned to water
segments for which no use attainability analysis has been
performed demonstrating that a recreation class N classification
is appropriate, if a reasonable level of inquiry has failed to 205
identify any existing primary contact uses of the water segment,
or where the conclusion of a use attainability analysis is that
primary contact uses may potentially occur in the segment, but
there are no existing primary contact uses.

Class P: Potential
Primary Contact

These surface waters are not suitable or intended to become
suitable for primary contact recreation uses. This classification is
Class N: Not applied only where a use attainability analysis demonstrates that
Primary Contact | there is not a reasonable likelihood that primary contact uses will
occur in the water segment(s) in question within the next 20-
year period.

These are surface waters whose quality is to be protected at the
same level as existing primary contact use waters, but for which
Class U: there has not been a reasonable level of inquiry about existing
Undetermined recreational uses and no recreation use attainability analysis has
been completed. This is the default classification until inquiry or
analysis demonstrates that another classification is appropriate.
1Expressed as a two-month geometric mean in units of colony forming units (cfu) per 100 milliliters. IDEXX test

methods reporting E. coli in units of most probable number per 100 milliliters (MPN/100 mL) can be compared
directly to the cfu/100 mL standard.

630

126

As described in the 2026 Listing Methodology (Division 2024), the E. coli standard is expressed as the
geometric mean of samples collected within a two-month period. To evaluate this two-month criterion,
the Division calculates the geometric mean for all E. coli data collected within static two-month periods.
The static two-month periods are January and February, March and April, and so on through November
and December. If samples are available for only one of the months in the period (e.g., samples available
from March but not April), the geometric mean for that period is based solely on samples collected
during that month. If the geometric mean E. coli value exceeds the relevant numeric criterion during any
bimonthly assessment period, then the stream is considered to be impaired for recreational use. When
calculating the geometric mean, values lower than the detection limit are replaced with 1 and values

2 Colorado’s primary contact standard of 126 cfu/100 mL expressed as a not to be exceeded geometric mean value
is consistent with EPA’s 2012 Recreational Water Quality Criteria and corresponds to an allowable swimmer illness
rate of 36 illnesses per 1,000 exposures. EPA’s updated criteria also recommend some additional provisions such
as a 30-day assessment period (Colorado uses fixed two-month periods) and adoption of an additional Statistical
Threshold Value (STV) not to be exceeded in more than 10% of samples. For E. coli, the STV value would be 410
cfu/100 mL if adopted in the future in Colorado.
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above the upper quantification limit (e.g., 2,419.6 MPN/100 mL) are replaced with the upper
quantification limit. The Division also applies “bias correction” techniques for multiple samples collected
on the same date at the same site, portion or segment by taking the geometric mean of those samples
and treating the geometric mean as a single sample.

The 2026 Listing Methodology (Division 2024) utilizes the following approach for evaluating E. coli data
during two-month assessment periods (e.g., May-June, July-August):

e Data sets of five or more samples with a geometric mean concentration above the stream
standard are added to the 303(d) List as impaired.

e Data sets with two, three or four samples during the assessment period that indicate
impairment of the E. coli standard are placed on the Monitoring and Evaluation List. (Note: as a
practical matter, many voluntary monitoring programs conduct monthly sampling, so it is
common for data sets to have fewer than 5 samples in a two-month assessment interval.)

o Segments with E. coli data sets with four samples where there is “overwhelming evidence” of
non-attainment are placed on the 303(d) List.

To remove a segment from the 303(d) List, the geometric mean for at least one two-month period that
includes at least five samples from the most recent two years of available data in the period of record
must demonstrate attainment. To remove a segment from the M&E List, the geometric mean for at
least one two-month period that includes at least two samples from the most recent two years of
available data in the period of record must demonstrate attainment. For both 303(d) and M&E
delistings, the two-month period must fall within the same season as the period that originally triggered
the listing. In addition, all other two-month periods from the most recent two years must demonstrate
attainment, regardless of sample size (Division 2024).

Although some states (particularly “Beach Act” states) also incorporate a “single sample maximum”
standard or a “statistical threshold value” standard, Colorado standards are only based on the geometric
mean. However, Colorado has a “Natural Swimming Area” regulation (5 CCR 1003-5) that requires a
swim beach to be closed and a public health notice posted if a single E. coli sample exceeds 235 cfu/100
mL. The swimming area must remain closed until sample results indicate that E. coli levels have returned
below 235 cfu/100 mL. A natural swimming area is defined as a designated portion of a natural or
impounded body of water in which the designated portion is devoted to swimming, recreative bathing,
or wading and for which an individual is charged a fee for the use of such area for such purposes
(Division 2015). Most designated natural swimming areas in Colorado are at lakes and reservoirs in state
parks. Areas that are free to use, such as Confluence Park near downtown Denver, do not meet the
definition of a natural swimming area.?

3 For more information on Swim Beach monitoring, see
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As of 2026, the Division has finalized seven E. coli TMDLs in Colorado, including four segments in the
South Platte River Basin including Segments 14 and 15 of the South Platte River, Boulder Creek Segment
2b, Big Dry Creek Segment 1, Wildhorse Creek in the Arkansas River Basin and two segments in the
Grand Valley that are tributary to the Lower Colorado River. Each of these TMDLs includes unique
aspects, although basic requirements for EPA-approvable TMDLs are included in each. To understand
Colorado’s approach to TMDLs, it is important to be aware of Colorado’s TMDL prioritization process,
the basic components of a TMDL, integration of TMDL-related requirements into MS4 permits and
alternatives to TMDLs, as briefly described further below.

In 2025, CDPHE updated its Colorado TMDL Prioritization Framework describing its general strategy for
prioritizing TMDLs and Advanced Restoration Plans (ARPs) for 2024-2032 (CDPHE 2025). Thirteen
segments impaired for E. coli are included on this list with up to three additional segments included.
CDPHE submits its commitments to TMDL and ARP development to EPA every two years. CDPHE's
rationale for prioritizing these E. coli TMDLs aligns with these objectives:

e Protect public health, especially in shallow urban streams where children play.

e Align with department goals for environmental justice by addressing water quality impairments
in areas with disproportionately impacted communities.

=  Keep pace with state-scale priorities and goals that support strategic growth.

Additionally, other considerations include identification by the Commission as high priority,
opportunities to combine E. coli in a TMDL for another pollutant, and location in a sub-basin with no
TMDLs to date.

The Division’s prioritization process has evolved over time, building on EPA’s “National Long-Term Vision
for the Clean Water Act Section 303(d) Program” (EPA 2013). EPA’s goals include prioritization,
engagement, integration, protection, alternative approaches and assessment. The Division’s current
process invites stakeholder input to recommend candidate water for prioritization as well as for delayed
prioritization. See the Division’s website for the most current TMDL priorities

( ).

A TMDL is a calculation of the maximum amount of a pollutant that a waterbody can receive and still
meet water quality standards, and an allocation of that amount to the pollutant's sources. TMDLs
consider both volume of discharge and pollutant concentration to calculate pollutant loads. The basic
components of a TMDL include: wasteload allocations (WLAs) for point sources, load allocations (LAs)
for non-point sources, and a margin of safety (MOS). A Reserve (RES) allocation may also be allocated to
allow capacity for addition of new discharges. Wastewater treatment plant (WWTP) discharges and
MS4s are considered point source discharges, with TMDL-related wasteload reductions enforceable
under CDPS permit requirements. For non-point sources, load allocations are implemented on a
voluntary basis. The basic formula for a TMDL is expressed as:
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TMDL = SWLA + ZLA + RES + MOS
Where:

WLA = the sum of wasteload allocations (point sources such as permitted wastewater and
stormwater discharges)

LA= the sum of load allocations (nonpoint sources and background)
RES= reserve load allocations for new development/new discharges
MOS= the margin of safety (typically 10%)

Colorado allows a variety of approaches for development of TMDLs. The most common basic approach
is the use of Load Duration Curves (Figure 1), which can be completed using a spreadsheet. For guidance
on Load Duration Curves, see An Approach for the Development of TMDLs Using Load Duration Curves
(EPA 2007). Colorado State University’s “eRAMS” Comprehensive Flow Analysis tools (CSU One Water
Solutions, updated 2020) also allow simple development of load duration curves (see
https://erams.com/documentation/flow-analysis/). Examples of TMDLs completed for E. coli in Colorado
can be accessed at: https://www.colorado.gov/pacific/cdphe/total-maximum-daily-loads-tmdls. Also see
Protocol for Developing Pathogen TMDLs (EPA 2001) for more information on the process applicable to
E. coli TMDLs.

Figure 1. Example Load Duration Curve from Big Dry Creek Segment 1 TMDL: Upper
Watershed Portion

Big Dry Creek LDC (BDC 1.5), Westminster Gage
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Graph Description: The blue line represents the allowable load (flow x water quality standard).
Instream loads above that line exceed the allowable load. In this case, fewer exceedances occur
during winter months with nearly all recreation season loads exceeding the allowable load.
Exceedances occur during both high flow and low flow conditions.
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It is generally in the best interest of a community or MS4 permittee anticipating a TMDL to develop a
robust data set that can be used to refine the understanding of the source(s) of FIB and conditions under
which elevated bacteria occur. Collection of E. coli samples is relatively low cost and can be used to
bracket reaches of stream where additional source characterization is needed or to limit the portion of
the segment identified as impaired included in the TMDL. Over the last decade, use of commercial and
other laboratories to conduct microbial source identification using molecular methods allowing
enumeration of fecal source-specific DNA has become more reliable and accessible to more
communities (i.e., does not require a research laboratory). Although such molecular analyses are
relatively expensive (e.g., several hundred dollars per test per sample versus less than $30 per E. coli
sample), quantitative information related to fecal sources can be useful for crafting more equitable
TMDLs and for identifying potential solutions for controlling high priority fecal waste sources. (Note: the
highest priority sources for protection of human health may not necessarily coincide with the highest E.
coli concentrations.) As a medium-cost approach, E. coli analyses can be combined with other “flow
fingerprinting” techniques to determine sources of flows associated with elevated E. coli (CWP and Pitt
2004).

Regardless of the approach selected within the monitoring constraints of a local government, it is well
worth the upfront effort to obtain robust monitoring data prior to planning capital improvements or
intensive maintenance programs and implementing other programs to reduce E. coli. Monitoring
programs are typically on a scale of tens of thousands of dollars (or several hundred thousand dollars for
large/advanced programs), whereas capital investments are often in terms of millions of dollars. For
example, urban case studies in various parts of the country indicate that implementation of E. coli TMDL
implementation plans or load reduction plans may have costs on the order of $1 to 9 million per square
mile of tributary urban area (UWRRC 2014; unadjusted to 2026 dollars).

At the time that this Toolbox was updated, requirements for MS4 permits discharging to stream
segments with TMDL requirements were changing and becoming more rigorous in response to EPA’s
directive to include “clear, specific and measurable” requirements in MS4 permits. The Division’s MS4
permit website should be visited for the most currently applicable requirements, which vary by permit

( ).

If an approved bacteria TMDL includes a wasteload allocation and associated wasteload reduction target
for an MS4, the MS4 permit will include multiple requirements related to activities such as public
education and outreach, source identification, implementation of control measures, monitoring, and
additional reporting requirements. Some of these requirements may be practices that MS4s are already
implementing under MS4 permit requirements minimum measures” including: Public Education and
Outreach, Public Involvement/Participation, lllicit Discharge Detection and Elimination, Construction Site
Stormwater Runoff Control, Post-Construction Management, and Pollution Prevention/Good
Housekeeping. The Division will amend the permittee’s certification if necessary to address additional
reporting or documentation requirements to demonstrate compliance with the WLA (Division 2016).

Generally, monitoring requirements in permits focus on the recreational season timeframe of May
through October. The most common monitoring requirement is dry weather outfall investigation and
sampling. The threshold to be considered a flowing outfall for purposes of sampling in CDPHE-issued
MS4 permits is 5 gallons per minute (gpm). Various reporting requirements also apply to document
these activities and monitoring results. Monitoring is discussed further in Section 2.3.
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Although implementation of numeric effluent limits at end of pipe is allowed in MS4 permits, to date,
this approach has not been implemented in Colorado other than in the Denver MS4 permit (due to the
unique characteristics of the Segment 14 TMDL) and is not required by EPA. A shortcoming of a numeric
effluent limits approach is that some of the most effective strategies for reducing E. coli loads include
volume reduction, which are not necessarily reflected on a concentration basis.

At a national level, recent litigation reaching the Supreme Court related to San Francisco’s MS4/CSO
National Pollutant Discharge Elimination System (NPDES) permits has further defined what MS4s can be
held responsible for regarding TMDLs in MS4 permits. Specifically, the U.S. Supreme Court issued a final
decision on March 4, 2025, reversing the Ninth Circuit and holding that the Clean Water Act does not
allow EPA to impose generic receiving water (“end result”) requirements in NPDES permits. The ruling
has significant implications for bacteria TMDL implementation in permits because it clarified that EPA
cannot impose generic receiving water (“end result”) requirements in NPDES permits. The ruling
clarified that EPA cannot:

e Hold an MS4 or CSO liable solely because ambient bacteria standards are exceeded.

e Enforce permits where compliance depends on factors outside the permittee’s control.

e Rely on narrative “cause or contribute” language without defined limits or actions.
Implications for what permits must include are that the permit must now:

e Regulate what is discharged, not ambient receiving water conditions.

e Include clear, enforceable effluent limits, BMP requirements, or implementation actions.

e Preserve the “permit shield” for compliant MS4s (meaning that if an MS4 is complying with its
permit requirements, then it is considered in compliance).

The Court explicitly recognized that bacteria water quality outcomes are often outside MS4 control,
stating that permittees cannot be punished for other upstream sources, wildlife and sediments and
regional hydrology factors. Conversely, permits need to clearly state requirements, consistent with the
“clear, specific and measurable” direction set by EPA. As a result of this litigation, permit requirements
in California are evolving to approaches that shift from “outcome-based compliance to action-based
compliance” with representative permit conditions including:

e Defined BMP menus

e Implementation plans tied to TMDL WLAs

e Milestones and schedules of compliance

e Demonstration of progress in lieu of numeric end-of-pipe limits

In summary, the general shift in permit language as a result of the Supreme Court decision is expected
to be toward reasonable enforceable actions rather than instream ambient exceedances. In general, the
Supreme Court decision is aligned with increasing recognition that bacteria loading originates from
multiple sources, can be weather-driven, and may be outside of an MS4’s operational control. In
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Colorado, ongoing MS4 permit renewals incorporate many of these principles and focus on “clear,
specific and measurable” requirements.

As described in CDPHE’s Final TMDL Prioritization Framework (CDPHE 2025), CPDHE has the option of
developing an “Advance Restoration Plan” (ARP) for impaired waters instead of a TMDL. An ARP is a
near-term plan to achieve water quality standards in an impaired water body. States have the option of
adopting an ARP “in advance” of developing a TMDL. Impaired waters with an ARP remain on the 303(d)
list. If the ARP does not result in attainment of water quality standards, then a TMDL is still required
(CDPHE 2025). The only ARP under consideration in Colorado at the time of this 2025 update was for
selenium on the Lower Arkansas Segment 1c. Previously this approach had been considered for E. coli
on Lower Bear Creek but was abandoned.

The primary benefit of this approach, also known as Category 5r, is that it allows resources to be applied
directly to reducing loading under this “straight to implementation” approach, rather than for
development of the TMDL, which can be a time-consuming, lengthy and expensive process. For MS4
permittees, an added benefit is that the actions implemented are not integrated into MS4 permit
requirements while the alternative approach is being implemented. Good candidates for this alternative
approach are watersheds where a local government or watershed organization has the ability to
implement actions needed to reduce E. coli loading and where there is a reasonable expectation that
the stream standard could be achieved within the designated timeframe.
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EPA’s Expectations for Elements in Alternative Restoration Approach Plans
(Source: EPA 2015, Best-Wong Memorandum to EPA Regions)

e I|dentification of specific impaired water segments or waters addressed by the alternative
restoration approach, and identification of all sources contributing to the impairment.

e Analysis to support the implementation of the alternative restoration approach is expected to
achieve Water Quality Standards (WQS).

e An Action Plan or Implementation Plan to document: a) the actions to address all sources—both
point and nonpoint sources, as appropriate—necessary to achieve WQS (this may include:
commitments to adjust permit limits when permits are re-issued or a list of nonpoint source
conservation practices or BMPs to be implemented, as part of the alternative restoration
approach); and, b) a schedule of actions designed to meet WQS with clear milestones and dates,
which includes interim milestones and target dates with clear deliverables.

e Identification of available funding opportunities to implement the alternative restoration plan.

e |dentification of all parties committed, and/or additional parties needed, to take actions that are
expected to meet WQS.

e An estimate or projection of the time when WQS will be met.

e Plans for effectiveness monitoring to: demonstrate progress made toward achieving WQS
following implementation; identify needed improvement for adaptive management as the project
progresses; and evaluate the success of actions and outcome.

e Commitment to periodically evaluate the alternative restoration approach to determine if it is on
track to be more immediately beneficial or practicable in achieving WQS than pursuing the TMDL
approach in the near-term, and if the impaired water should be assigned a higher priority for
TMDL development.

Most of the remainder of this Toolbox focuses on tools that MS4s can use to build a program to address
E. coli TMDLs. The starting place for each MS4 differs based on experience factors such as the existing
baseline information, extent of understanding of how and where the MS4 contributes to elevated
instream E. coli, experience of in-house staff, scale of the MS4 (e.g., a few outfalls to hundreds of
outfalls), and other factors. Addressing MS4 permit requirements is an iterative, long-term endeavor. A
brief overview of the phases of an MS4 program addressing an E. coli TMDL is generally described
below, with each component described in more detail in the remainder of this Toolbox.

An early-stage E. coli control program begins with getting organized, getting the right people to the
table, compiling information to form hypotheses about potential sources, and formulating a plan.
Representative activities include:

e Identify who needs to be involved — stakeholder engagement. One of the most important
aspects of formulating and implementing an effective plan to reduce E. coli loading is to get the
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1.4.2

right people to the table. This includes individuals who have knowledge of watershed
conditions, those who are already implementing controls that may help to reduce E. coli, and
those who are affected by the E. coliimpairment, as a few examples. Figure 2 identifies
potential partners who may be able to support TMDL development and implementation.

Develop or retrieve relevant GIS mapping/inventory (e.g., outfalls, storm network, key features).
Begin or continue public education and outreach (e.g., website/social media on pet waste).

Conduct illicit discharge detection and elimination (IDDE)/dry weather screening (E. coli grab
samples/flow estimates) to identify outfalls of concern and develop hypotheses for potential
sources.

Continue program requirements for post-construction and good housekeeping control measures
to minimize wet weather contributions of E. coli.

Develop a follow-up plan based on the findings of the first few years of effort. The follow-up
plan may need to be prioritized and phased depending on the number of stormwater outfalls
requiring follow-up.

Figure 2. Partners for Development of Effective E. coli Load Reduction Strategies
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Mid-program: Sources and Abatement

A mid-stage E. coli control program can last for many years as MS4s systematically work through source
identification and abatement. Representative activities include:
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Continue IDDE/source investigation (MST markers, if feasible). This may involve phased storm
sewershed prioritization (Figure 3) focusing on areas of highest potential human health risk first
(see Section 2). Once a problem outfall is identified, it may take several months of in-network
sampling to isolate the contributing area for further investigation using CCTV, smoke test, dye
test and other techniques.

Implement targeted source control BMPs (e.g., install pet waste cans, geese deterrents,
restaurant outreach).

Coordinate with sanitary utilities for repair of aging sanitary infrastructure (if applicable) — this
may require a multi-year Capital Improvement Program (CIP), interdepartmental process,
depending on the extent of repair costs.

Continue public education and outreach (e.g., pet waste messaging, recreator health signage).
Tailor public messaging to include information and understanding gained through baseline
monitoring and source investigations.

Continue post-construction and good housekeeping MCMs.

Implement an adaptive management approach by reviewing what is and is not working, both in
terms of monitoring, source controls and treatment, then revise the program to focus on
effective actions.

Figure 3. City of Boulder Example Process for Phased Sewershed Management Plan
Development

. . — Field — Sewershed Management
Mapping Sflanglng Investigations Plan Development
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A mature program may have reached a point that controllable MS4-related sources of E. coli during dry
weather are addressed. In other cases, a mature program may still be working its way through
“sewershed plans” for multiple outfalls. Increasingly, there is recognition regarding what MS4s can and
cannot control in terms of E. coli loading. It is possible that a mature program has controlled dry
weather E. coli, maintains a routine infrastructure maintenance and repair program, implements and
maintains SCMs, and implements public education and outreach, yet the receiving water still exceeds E.
coli standards. Practices for mature programs may include:

=  Ongoing Implementation: Continue what’s working from prior phases.

e Adaptive Management: Review program components and revise as needed to focus on the most
effective practices and filling information gaps needed to inform new actions.

e Innovation: Once the “standard” tools and techniques have been implemented, the MS4
permittee may want to consider special studies to better understand bacteria sources, retrofits
of existing SCMs, pilot projects and other similar activities.

=  Proposing Alternative Standards Protective of Human Health: If human sources have been
controlled, then characterization of best attainable receiving water conditions and pursuit of
site-specific standards utilizing use attainability analysis and other approaches identified by EPA
may be an appropriate step. See discussion in Section 7.3 for EPA (2024) guidance.
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The starting point for effective E. coli load reduction is developing a reasonable understanding of the
sources of E. coli in the watershed, as well as understanding sources of flows transporting E. coli to
receiving waters. This chapter provides a summary of common sources in urban areas, followed by
guidance on source identification approaches. It can be challenging to identify sources and the actual
risk to human health associated with the elevated E. coli. As one example, a stream segment could be
impaired due to a persistent year-round source of E. coli associated with leaking sanitary sewer
infrastructure or illegal sanitary-storm drain connections, posing a clear human health risk. As another
example, a stream could exceed the standard due to birds nesting on bridges (Sejkora et al. 2011;
Pendergrass et al. 2013, 2015). The human health risk from scenarios such as these would be expected
to differ (Schoen and Ashbolt 2010, Soller et al. 2010b) as would the expected abatement actions,
reinforcing the importance of understanding FIB sources.

In order to develop an effective plan for managing and reducing FIB in urbanized areas, it is first
necessary to identify the likely sources and associated transport pathways to receiving waters.
Effectively targeting source controls requires substantial information about the land uses and activities
within the watershed. Sources of pathogens and FIB in MS4s and receiving waters vary widely,
originating from both non-human and human sources. Representative sources of FIB in urbanized areas
in Colorado may include SSOs (sanitary sewer overflows), wet weather (stormwater) discharges from
MS4s, illicit connections to storm drain systems (e.g., sanitary sewer connections to the storm drain),
illicit discharges to storm drain systems (e.g., power washing bird droppings), failing or improperly
located onsite wastewater treatment systems (septic systems), wastewater treatment plants (if not
meeting discharge permit limits), urban wildlife, domestic pets, agriculture, and other sources. Allowed
discharges to MS4s such as irrigation runoff and uncontaminated groundwater discharges may also
transport FIB originating from other sources. From a regulatory perspective, MS4 permittees are not
required to address all of these sources (e.g., non-point sources); however, it is beneficial for MS4
permittees to have a broad understanding of the diverse sources of FIB that may be present in impaired
waterbodies that receive discharges from the MS4. Table 2 provides a summary of potential FIB sources
that communities should consider, depending on the conditions potentially present in a watershed.

Although agricultural sources are not the focus of this Toolbox, both livestock and manure management
can be agricultural sources of FIB in watersheds where MS4 permittees are working toward watershed-
scale solutions. Secondary sources of persistent FIB include sediments in receiving waters, biofilms in
storm drains and waterbody substrate/sediments, and naturalized FIB associated with plants and soil
(Ahmed et al. 2019, Francy et al. 2003, Ran et al. 2013, Byapanahalli et al. 2012, McCarthy 2009, Ellis et
al. 1998, Ishii and Sadowsky 2008, among others).

Although some of these sources can be controlled to an appreciable extent (e.g., wastewater discharges,
sanitary sewer leaks, illicit connections), other sources are much more difficult to control. These diffuse
and often mobile sources include wildlife such as raccoons, beavers, birds, etc., as well as environmental
sources, such as the biofilms and sediments that provide a stable habitat for these organisms to persist
and reproduce. Properly accounting for and identifying potential sources in a particular area are the first
steps in working toward minimizing FIB contributions from controllable sources.
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Table 2. Potential Sources of FIB in Urbanized Areas and Adjoining Watersheds

General Category

Source/Activity

Municipal Sanitary
Infrastructure (piped)

Sanitary sewer overflows (SSOs)

Leaky sanitary sewer pipes (Exfiltration) (see Sercu et al. 2011)

Illicit Sanitary Connections to MS4

WWTPs (if inadequate treatment or upsets)

MS4 Infrastructure

Illegal dumping

Illicit sanitary connections to MS4 (also listed above)

Leaky sewer pipes (exfiltration) (also listed above)

Biofilms/regrowth

Decaying plant matter, litter and sediment in the storm drain system (catch basins)

Other Human Sanitary
Sources

(some also attract urban
wildlife)

Leaky or failing septic systems

Encampments

Porta-Potties

Dumpsters (e.g., diapers, pet waste, urban wildlife)

Swimmers/bathers, boaters, trail users (e.g., hikers, runners)

RVs (mobile)

Trash cans

Garbage trucks

Domestic Pets

Dogs, cats, etc.

Urban Wildlife
(naturally occurring and
human attracted)

Rodents/vectors (rats, raccoons, squirrels, opossums)

Birds (gulls, geese, ducks, pigeons, swallows, etc.)

Open space (coyotes, foxes, beavers, feral cats, etc.)

Other Urban Sources
(including areas that
attract vectors)

Landfills

Food processing facilities

Outdoor dining

Restaurant grease bins

Bars/stairwells (washdown areas)

Green waste, compost/mulch

Animal-related facilities (e.g., pet boarding, zoos, off-leash parks)

Urban Non-stormwater
Discharges
(potentially mobilizing
surface-deposited FIB)

Power washing

Excessive irrigation/overspray & irrigation ditch return flows

Car washing

Pools/hot tubs

Sump pumps/groundwater dewatering

Reclaimed water/graywater (if not properly managed)

Agricultural Sources
(potentially including
ranchettes within MS4
boundaries or areas in
urban growth boundaries)

Livestock, manure storage

Livestock, pasture

Livestock, corrals

Livestock, confined animal feeding operations (CAFO) (NPDES-regulated)

Manure spreading, pastures/crops

Municipal biosolids re-use

Reclaimed water (if not properly managed)

Irrigation tailwater

Slaughterhouses (NPDES-regulated)

Natural Open
Space/Forested Areas

Wildlife populations

Grazing

Natural area parks, off-leash areas

Other Naturalized Sources

Decaying plants/algae, sand, soil (naturalized FIB), sediment

Note: this table is a Colorado adaptation of work by San Diego County (Armand Ruby Consulting 2011).
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Given the many sources of FIB in urban areas and some of the challenges associated with definitively
determining sources, it is helpful to develop a source prioritization process. Such processes should
consider factors such as:

e Human health risk

e Magnitude of loading

e Geographical distribution relative to recreational use locations

e Controllability/ability to implement/ability to leverage other planned projects
e Frequency of standards exceedances*

When source identification is prioritized with these considerations in mind, then resources for source
identification can be allocated to identify sources with high risk to human health, higher loads, close
proximity to actively used recreation areas, sources that could reasonably be controlled if identified, and
sources that cause frequent exceedances of standards.

An area of evolving research relates to use of HF183 (human fecal DNA marker) risk-based thresholds
(RBTs) to prioritize actions and follow-up investigations based on published Quantitative Microbial Risk
Assessment (QMRA) calculations for recreational exposure to untreated sewage. Because HF183 does
not have a stream standard, MS4s can use a risk-based threshold for HF183 to make risk-based decisions
about highest priority follow-up investigations and abatement efforts. A common range of HF183

Quantitative Microbial Risk Assessment (QMRA)

QMRA is a science-based framework used to estimate the probability of human infection or illness
resulting from exposure to pathogenic microorganisms in surface waters. QMRA links measured or
modeled pathogen concentrations in rivers, streams, or receiving waters to human health outcomes
associated with activities such as primary contact recreation. The approach follows four core steps—
hazard identification, exposure assessment, dose—response assessment, and risk characterization—
allowing environmental data to be translated directly into estimates of health risk (U.S. EPA 2014; WHO
2016).

QMRA has been widely applied by EPA and others to support risk-based water quality criteria, including
the development of recreational water quality criteria and alternative criteria where fecal contamination
sources vary spatially or temporally. Work by Soller et al. (2014) demonstrated that pathogen risk in
streams is not necessarily proportional to fecal indicator bacteria concentrations and that fecal source
type and hydrologic conditions strongly influence instream health risk. As a result, QMRA provides a
transparent and defensible tool for evaluating site-specific instream conditions, assessing management
scenarios, and supporting risk-based decision making where traditional indicator-only approaches may
be insufficient (Soller et al. 2014; U.S. EPA 2025).

4 List adopted from the Source Prioritization Process prepared by Armand Ruby Consulting (2011) for the San Diego
County MS4 co-permittees.
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thresholds used to prioritize actions at stormwater outfalls is 500 to 1,000 copies/100 mL (Boehm et al.
2015, Boehm et al. 2019, Orange County MS4 Permittees 2020, HRSD 2017). Some recent research led
by SCCWRP suggests lower HF183 thresholds (e.g., 100 copies/100 mL) may be relevant during wet
weather for instream (receiving water) concentrations in relation to human health risk when recreating
(Lowry et al. 2026), even though higher thresholds are used for outfall screening. Ongoing evaluation of
this information in terms of management implications continues in Southern California (Steele 2025).
Also, practical considerations are relevant such as decreased recreation during storm events.

It may be beneficial for MS4 managers to explore how other ongoing programs or projects can be
leveraged. For example, communities could use drainageway and storm drain outfall inspection and
maintenance efforts to meet Community Rating System (

) requirements for flood insurance and outfall reconnaissance
for illicit discharges could be conducted at the same time. Similarly, local governments may also have
capital improvement projects planned that allow opportunistic integration of stormwater quality
features (e.g., inlet retrofits to incorporate forebays, implementation of curbside bioretention in
conjunction with road repaving or bike lane work). Several examples of source prioritization process
case studies follow.

Since original publication of the Colorado E. coli Toolbox, various case studies are available related to
how communities prioritize follow-up and mitigation of potential E. coli sources. Several examples are
provided below from various parts of the country.

San Diego County developed a consensus-based source prioritization process that leverages local
knowledge and provides a framework potentially adaptable to other communities. The process was
developed by a work group of San Diego County MS4 co-permittees and their consultants in 2011-2012
(Armand Ruby Consulting 2011) and used to target source control efforts in multiple watersheds across
the county. The source prioritization process evolved from work group meetings that initially focused on
developing conceptual models for bacteria sources, fate and transport, along with a literature review.
Based on the conceptual models and literature review results, the work group focused on developing a
process for prioritizing bacteria sources within watersheds. As a starting point, the conceptual models
recognized two overarching, categorical distinctions:

¢ Wet weather vs. dry weather conditions
e Watersheds (including MS4s, creek and river systems) vs. lagoons (including beaches)

Second, the work group recognized that bacteria sources should be identified by their relationship to
human activity and established the following broad categories for bacteria sources:

e Human origin (i.e., from the human body)
e Anthropogenic, non-human origin (resulting from human activities, but not the human body)

¢ Non-anthropogenic origin (independent of human activity)

Building on these initial frameworks, the work group developed a rating system using a spreadsheet tool
to prioritize efforts. In its initial meetings, the work group produced a lengthy list of potential bacteria
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sources, which was used to inform construction of the conceptual model diagrams. The source list was
sub-divided into the three main source type categories (human, anthropogenic non-human, non-
anthropogenic). Only sources with a potential pathway into an MS4 or a receiving water (e.g., creek,
river, lagoon, or ocean) were included on the list. The potential sources were further aggregated
according to common characteristics. The draft lists of sources were then incorporated into conceptual
model diagrams. To support the goal of reducing discharges of pollutants in urban runoff to the
maximum extent practicable (MEP), the work group agreed it was important to prioritize sources for
further investigation regarding possible application of BMPs (either source controls or local/regional
treatment controls).

The work group agreed that prioritization criteria ought to include additional factors other than simply
magnitude alone. Temporal variation (dry vs. wet weather) was identified as a top-level consideration
and led to a decision that the prioritization process would be performed separately for dry weather and
wet weather sources. Table 3 lists factors considered in the source prioritization process, aggregated
under the following general themes described in Section 2.2.1 (Human Health Risk, Magnitude,
Geographical Distribution, Controllability/Ability to Implement, Frequency of Exceedances).

From this exercise, a quantitative ranking scheme was developed for the relative scoring and ranking of
sources within a given watershed. The five themes listed above were identified as the factors that would
be used in the scoring matrix that was developed into a spreadsheet tool, with example output provided
in Table 4. Human health risk and magnitude were identified as the most important of the five thematic
factors for bacteria source prioritization. Within the scoring scheme, these two factors were given the
highest weight, with possible score ranges of 1-10. The other three factors (geographical distribution,
controllability, and frequency) were allocated possible score ranges of 1-5. Because of the primary
importance of the source type (human, anthropogenic non-human, non-anthropogenic), this factor was
given the role of then providing an overall weighting for the source score. The weighting factors for this
tool were:

¢ x5 for human sources (bacteria derived from the human body)
¢ x 3 for anthropogenic (resulting from human activity), non-human sources
¢ x 1 for non-anthropogenic (natural) sources

e xO0 for sources with no apparent transport mechanism from source to MS4 or receiving waters
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Table 3. Factors Considered in a Source Prioritization Process
(Adapted from San Diego Co-permittees, as summarized by Armand Ruby Consulting 2011)

SOURCE CATEGORIES

TEMPORAL/FLOW CONDITION

Temporal distribution of sources: wet weather vs. dry weather
PRIORITIZATION CRITERIA HUMAN HEALTH RISK

Potential for human pathogens to be present

Potential for human exposure

Dose

MAGNITUDE

Concentration and/or loading

Frequency of occurrence

Variability

GEOGRAPHICAL

Spatial distribution of sources: discrete locations (can map location) or spread out or distributed (e.g.,
pet waste, soil)

Proximity to Primary Contact Recreational Uses

Proximity to MS4 impermeable surfaces

Land uses, hydrology, soil types, population (design parameters)
Redevelopment opportunities

Ease of transport pathway to receiving waters
CONTROLLABILITY/IMPLEMENTABILITY

Cost, social impact, technological barriers, organizational barriers
Challenge of changing behavior/culturally

How many application sites for BMPs

Repetitive nature of behavioral changes

POTENTIAL BENEFITS

Ability to maximize human health improvement

Potential for multiple (secondary/additional) benefits

Other water quality issues

Other benefits (e.g., flood control)

Ability to target underlying water quality issues

Consideration of the benefits of source activities (e.g., flood control)
TECHNICAL/DESIGN

Structural: siting, costs, maintenance

Site-specific flow conditions

WWTP capacity for low-flow dry weather diversions
ORGANIZATIONAL

Regulatory imperative

Code barriers, conflicts w/state-federal regulations

Political opposition/pushback; public support/lack
Organizational ease of implementation

Benefit to public (per cost)

FREQUENCY of STANDARD EXCEEDANCES
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Table 4. Example Ranking of Weighted Scores for FIB Sources under Dry Weather Conditions
Using San Diego Spreadsheet Tool as Applied to the San Diego River
(Source: San Diego Co-permittees, as summarized by Armand Ruby Consulting 2011)

Anthropogenic
Dry Non-human Dry
Rank Human Waste Score Rank (continued) Score
MS4s Infrastructure -
1 Sanitary sewer overflows (SSOs) 105 10 Biofilm/Regrowth 33
2 Encampments 105 11 Reclaimed Water 30
3 Leaky Sewer Pipes (Exfiltration) 100 12 Green Waste 27
4 Bathers 95 13 Litter 27
Outdoor Dining/ Fast
5 Boaters 95 14 Food 27
6 RVs (mobile) 85 15 Grease Bins 24
7 Porta-Potties 80 16 Soil 18
8 Dumpsters 64 17 Livestock 0
9 Trash cans 64 18 Manure Re-use Non-Ag 0
10 Garbage trucks 60 19 Landfills 0
11 Illegal Dumping 56 20 Livestock 0
12 Leaky or Failing Septic Systems 55 21 Manure Re-use 0
13 Illicit Connections 55 22 Irrigation Tailwater 0
Soil and Decaying Plant
14 Illegal Discharges 40 23 Matter 0
15 Gray Water Discharges 40 24 Food Processing 0
Bio-Tech Manure
16 Pools 36 25 Management 0
17 Hot Tubs 36 Non-anthropogenic
Wildlife (Birds and
18 Biosolids Re-use 0 1 Others) 18
Wrack line (Flies,
19 Landfills 0 2 Decaying Plants) 18
Anthropogenic
Non-human 3 Plants 16
1 Pets 72 4 Algae 16
2 Rodents (Mice, Rats), Rabbits, etc. 54 5 Soil 9
3 Birds (Gulls, Pigeons, etc.) 54
4 Garbage Trucks 42
5 Dumpsters 36
6 Trash Cans 36
7 Manure/Compost 33
8 Vectors 33
9 Wash water 33
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2.2.2.2 North Carolina: Using MST and GIS to Prioritize Infrastructure Repairs

A University of North Carolina study of the Town Creek Estuary in Beaufort, North Carolina, applied a
combined framework of FIB data, molecular MST markers, and GIS-based infrastructure information to
rank potential fecal contamination sources. This multipronged method enabled identification of
high-priority areas for remediation by linking MST (HF183) signals to local infrastructure vulnerabilities.
The study demonstrated how MST can be operationalized for municipal decision-making, infrastructure
prioritization, and targeted water-quality interventions (Hynes et al. 2024). This case study supports the
inclusion of both traditional water quality measurements and local infrastructure data to support the
current need for municipalities to identify, prioritize, and remediate failing infrastructure (Hynes et al.
2024).

Figure 4. Study Area Map for Town Creek Estuary, Beaufort, NC
(Source: Hynes et al. 2024)

* Sites
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Fig 1. A map of Town Creek Estuary in Beaufort, NC, with the sampling sites denoted with a black star icon. Lift stations and nearby sewer
infrastructure are denoted by a red circle icon; stormwater outfalls are denoted by a yellow square icon; marsh is denoted by a green triangle icon; septic
systems are denoted by a blue circle icon; and areas downstream from possible major sources of contamination are denoted by a purple trapezoid icon.

https://doi.org/10.1371/journal.pone.0299254.9001

The Town of Beaufort provided shapefiles of the sewer and stormwater infrastructure with attribute
information including each pipe’s diameter, length, material, and date of construction. The attribute
tables also included the location and date of construction of nearby lift stations and stormwater outfalls.
Two models were developed to rank potential sources of fecal contamination: an equal weight model
and a variable weight model. Six parameters were included from each site: mean E. coli concentration,
mean enterococcus concentration, mean HF183 concentration, percentage of pipes in a 400-m radius
made of vitrified clay, percentage of pipes in a 400-m radius over 50 years of age, and the inverse of the
distance to the nearest stormwater pipe in a 400-m radius. The parameters were ranked at each site,
with 10 being the highest concentration, percentage, or inverse distance of the parameter and 1 being
the lowest. For the equal weighting model, each parameter was given equal weight, thus the overall site
ranking was based on the total sum of the rank of each parameter at each site.

For the variable weighting model, empirical knowledge was used to weight parameters on a scale of 1 to
6 based on whether the parameter indicated the presence of fecal contamination (e.g., FIB, HF183). The
highest weight was 6, based on whether the presence of the parameter indicated the presence of
human fecal contamination. If a parameter had an equal likelihood of indicating the presence of fecal
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contamination as another parameter, it was given the same weight and the values of subsequent
weights were adjusted accordingly.

By ranking the study sites based on surrounding infrastructure and average FIB and HF183
concentrations, several sites were determined to be most at risk for contributing fecal contamination
and were prioritized for review and mitigation.

This Comprehensive Human Waste Source Reduction Strategy (CHWSRS) Work Plan (Orange County,
California, MS4 Permittees 2020) was developed to help guide Orange County, California, stakeholder
efforts to address pathogen health risk in the South Orange County Watershed Management Area (SOC
WMA). The SOC WMA Water Quality Improvement Plan (WQIP) identified Pathogen Health Risk as a
High Priority Water Quality Condition and required the development of a Work Plan. The WQIP is unique
in that it explicitly focuses on reducing human health risk at recreational beaches, rather than the
traditional focus on FIB levels. Although elevated FIB concentrations may indicate higher potential for
human health risks, it is the exposure to pathogens (microorganisms known to cause disease) that can
cause illness in recreational water users and threaten or impair beneficial uses.

This Work Plan was developed to focus on reducing human health risk by identifying and eliminating
sources of human waste to the MS4, which discharges to the recreational beach areas, through targeted
monitoring investigations and abatement actions. While natural sources are expected to contribute to
bacterial exceedances, identifying and eliminating human sources is critical to protecting public health.
Also, it is widely known that natural sources present a much lower risk to human health and can be
difficult (or infeasible) to control. This Work Plan was, therefore, designed to maximize the efficient use
of limited resources by focusing on reducing sources of human waste, facilitating collaboration among
stakeholders, streamlining and integrating efforts across agencies, and supporting decision-making
based on the latest scientific advancements in microbial source tracking. In addition, a summary of
current bacteria and human waste abatement strategies was included, as well as potential new and
enhanced strategies that could be considered in the future to assist with targeting and reducing sources
of human waste.

The CHWSRS utilized a screening threshold of 1,000 copies/100 mL for the human DNA marker HF183 to
prioritize outfall investigations, described as follows:

Based on recommendations from the [CHWSRS] Science Team, the HF183 data analysis
was based on an action level of 1,000 copies/100 ml, which represents the density
corresponding to the median illness risk of 30 illnesses® per 1,000 recreators for sewage
contamination of age 2.5 days (Boehm et al., 2018). Receiving waters were considered
low risk if zero percent of HF183 samples were >1,000 copies/100mL. If a receiving water
was considered at low risk based on this analysis, the associated catchments were
assigned the lowest priority. This does not mean follow-up actions will never be pursued
within these catchments; however, source investigation and abatement actions would
likely be more effective by focusing on higher priority areas.

5 Colorado adopted EPA’s 126 MPN/100 mL standard for E. coli, which corresponds to a higher allowable illness
rate of 36 illnesses per 1,000 exposures.
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Hampton Roads Sanitation District (HRSD) has been using HF183 as the primary human-specific MST
marker in HRSD’s regional collection-system sewage leak investigations since 2014 across a 120+ square
mile area. HF183 is used to distinguish human sewage from non-human fecal sources in surface waters,
stormwater systems, and beach monitoring programs in collaboration with Virginia Department of
Health. When beaches exceed enterococcus criteria, HRSD analyzes those samples for HF183 using
ddPCR to confirm whether human sewage is the contributing source. Positive results above the assay
detection limit are interpreted as recent human fecal contamination.

HRSD uses HF183 extensively for dry weather stormwater investigations to locate sewer exfiltration and
infrastructure failures. Their process includes starting downstream and sampling upstream following the
gradient of HF183 detections, combining this information with GIS information on likely sewer defects
for targeted repairs. Multiple sampling rounds increase confidence in the results. Similar to the CHSA
threshold, HRSD used an action level of ~1000 copies/100 mL as a flag for significant human
contributions. HRSD uses 4200 copies/100 mL as a recreational risk benchmark (based on QMRA by
Boehm et al., 2015) For comparison, HF183 in Hampton Roads raw sewage typically ranges from 10’-108
copies/100 mL, providing a local reference condition for sewage (HRSD 2017).

Some of the benefits of this approach include:

e Up to 90% reduction in inspection areas by using MST-first approaches, which provides cost
savings.

e Post-repair HF183 reductions of 90—99% confirm successful elimination of human sewage
sources.

e Improved risk communication because HF183 helps distinguish human vs. wildlife vs. pet
sources, allowing proper management actions.
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2.3 SOURCE IDENTIFICATION METHODS AND MONITORING
CONSIDERATIONS

Monitoring strategies to develop an understanding of the
sources of FIB can range from simple and relatively inexpensive
sample collection and analysis of FIB and basic water quality
parameters to more complex microbial source tracking (MST)
approaches relying on advanced molecular methods. It is
recommended that entities facing E. coli TMDLs begin with
simple methods to identify and prioritize reaches of the
receiving water of concern and then evaluate prioritized reaches
based on local infrastructure conditions. If sources cannot be
identified through these inexpensive measures, then the use of
advanced methods may be warranted, providing additional
benefits in terms of determining sources contributing FIB and
pathogens to identified critical reaches. Monitoring and source
tracking techniques selected may also be affected by budget
constraints, regulatory drivers, and available technical expertise.

In urban areas, initial data collection efforts for FIB-impaired
streams typically include instream synoptic sampling combined
with dry weather screening of storm drain outfalls to identify
potential illicit connections to storm drains (CWP and Pitt 2004).
Griffith et al. (2013) recommend a six-step process, as
summarized in Figure 5. Using this approach, a community
would only advance to subsequent steps if the previous step did
not provide adequate information to identify sources of FIB
pollution with a level of confidence needed to develop
management strategies to either reduce FIB or support an
alternative regulatory resolution. Steps 1-3 are expected to be
feasible in most communities, whereas steps 4-6 represent
increasing costs that may or may not be justified, depending on
the particular watershed. This section provides an overview of
monitoring and source tracking strategies that can be used by
local governments, including a variety of methods suitable for a
range of budgets and technical expertise. A limited discussion of
emerging, advanced techniques is also provided, along with
recommended references for more in-depth information.

2.3.1 Basic FIB Monitoring in Impaired Waters

Guidance for basis FIB monitoring is divided into two sections.
The first focuses on general guidance and the second focuses on
common questions regarding the number of samples needed to
assess statistical differences in FIB either at outfalls or in
impaired waters.
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Figure 5. Six-Step Process of
Microbial Source Identification
(Source: Recommendations by Griffith et
al. 2013, as presented in UWRRC 2014)
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The starting point for assessing sources of fecal contamination in receiving waters is to collect basic FIB
data to determine which portions of the waterbody have elevated FIB and under what conditions (e.g.,
summer/winter, wet/dry weather). FIB tests are low-cost and can be conducted in-house by most
municipal laboratories. One of the keys to an effective FIB monitoring program is to collect samples with
adequate spatial and temporal resolution to target stream reaches where FIB targets are exceeded and
to identify where significant FIB loading may be occurring. Synoptic sampling of streams, where an
upstream to downstream set of locations is sampled on the same day, is preferred. Both instream
sources (such as contaminated sediment resuspension) and watershed sources need to be considered.

Considerations when collecting and interpreting FIB data include:

Select initial sampling locations to evaluate potential FIB sources. Directly sampling runoff from
potential sources allows for the identification of contributing sources or “hot spots” with a
minimum number of required samples. Locations may also be selected to bracket potential
sources. Examples might include above and below WWTP discharges, off-leash dog parks, areas
with heavy bird usage, sewer line crossings of streams, encampments, aging sanitary sewers in
proximity to storm drains, etc.

Extreme variations in FIB concentrations can occur at the same location over relatively short
time periods, so multiple samples over time are needed to begin to develop an understanding of
potential trends and sources.

Time of day of sample collection can affect FIB concentrations due to inactivation from natural
UV light, flow variations that will affect the transport of bacteria discharged upstream through a
sampled reach, and discharge variations of bacteria from potential sources. Early morning
samples typically have the highest FIB concentrations.

Seasonal variations in FIB are common, so erroneous conclusions may be drawn if adequate
seasonal representation is not provided (e.g., a stream sampled in winter may meet stream
standards, whereas a stream sampled in August may not meet standards). Sampling during dry
and wet weather will likely also result in quite different results. When evaluating trends over
time, comparable seasonal representation should be present in long-term data sets. An
understanding of local hydrologic influences is important, including considerations such as
spring runoff from snowmelt, irrigation diversions and return flows, reservoir releases and other
factors that significantly affect local hydrology and sources of water comprising streamflows in
streams.

FIB can persist or grow in the environment, so elevated FIB concentrations do not necessarily
represent recent fecal contamination. This is particularly true of organic-rich, moist, dark
environments such as sediments, decaying organic litter and biofilms. Scour of contaminated
sediment and substrate pore water are also known FIB sources.

Unless exceptionally high, FIB concentrations typically do not provide information on the source
of the contamination, so additional investigations or source tracking techniques are often
needed to follow up on initial analyses to identify sources.

When collecting instream samples, be sure not to disturb stream sediment during sample
collection. For example, collect the water sample first and then perform flow measurements.

June 2026 Colorado E. coli Toolbox 29



= |t can be valuable to collect sediment samples to help determine if sediment resuspension may
be contributing to elevated FIB in the water column.

e FIB results are often above or below the analytical quantification range (e.g., <1 or >2,419.6)
MPN/100 mL), causing difficulties in data interpretation and statistical analyses. When sewage
input is suspected, FIB tests should be conducted at several dilutions, including very high
dilutions so that concentrations approaching those found in wastewater influent can be
quantified (City of Santa Barbara 2012). Consult with the laboratory prior to finalizing the chain
of custody to ensure an adequate range of quantification for FIB.

For standard operating procedures for FIB sample collection, see Standard Methods (APHA 2012) and
CWP and Pitt (2004). Sample bottles appropriate to the analytical method should be used and samples
should be kept cool (4°C) and quickly transported to the laboratory (6 hours is usually noted as a
targeted time period between sample collection and receipt of samples by the lab).® In addition to FIB
analyses, it is also often helpful to include analysis for other water quality parameters that may help to
identify (“fingerprint”) human sewage sources and/or conditions that may be contributing FIB growth
and persistence in the environment or that can indicate different sources of water contributing to an
outfall. Table 5 lists these parameters; most of these analyses can be conducted in municipal
laboratories. Field data, including flow measurements or estimates, are recommended for all sample
locations. Some or all of the additionally suggested water quality parameters should be considered
based on the objectives of the sampling program since they may assist in identification of sources of
discharges from an MS4. (See additional discussion in Section 2.3.3.1, Figure 7.) While no single
parameter in Table 5 is a perfectly reliable indicator of sewage contamination, a suite of these
parameters may provide an initial weight of evidence to identify potential sources or to identify where
more advanced molecular methods should be used to confirm sewage contamination. For outfall
monitoring programs that plan to utilize human DNA fecal markers (e.g., HF183), then supplemental
analyses may be redundant.

6 Some exceptions apply to the 6-hour hold time, depending on the use of the samples. See UWRRC (2014) for a
more detailed discussion of allowance of longer hold times for stormwater sampling purposes.
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Table 5. Field and Analytical Parameters for Consideration in Basic FIB Outfall Sampling

Programs
Field Data Basic Analytical Parameters
e Flow (estimate or measurement) Fecal Indicator Bacteria
e pH e E coli
e Temperature Supplemental Analytes (optional)
e Conductivity e Nutrients? (e.g., ammonia,* nitrate/nitrite, total
e Dissolved oxygen (useful Kjeldahl nitrogen, total phosphorus,
instream; less useful for outfalls) orthophosphate)
e Turbidity (optional) e Organic carbon (total and dissolved)?
e Color (at outfalls) e Fluoride! (useful for identifying tap water)
e \Weather conditions e Potassium! (ammonia/potassium ratio >1 suggests
e Field observation of sources wastewater)
e Narrative flow condition (e.g., e Boron (>0.35 mg/L suggests wastewater)
spring runoff, storm flows, e Hardness
reservoir releases) e Detergents/Surfactants (typically MBAS)Y3
e Optical brighteners (or fluorescence)!

These may be sampled instream, at outfalls, or both as part of flow fingerprinting related to sources. See
discussion Section 2.3.3.1 for additional information on why various analytes are recommended.
2Analytes that have been correlated to elevated FIB in some studies.

3Methyl Blue Active Substances (MBAS). Involves hazardous reagents.

Due to very high variability of results in FIB data sets, discerning statistically significant trends with
acceptable levels of power and confidence is typically not possible without relatively large data sets.”’
Burton and Pitt (2002) and Pitt (2006) provide detailed discussions related to statistical analysis of water
quality monitoring, with Figure 6 providing a graph that can be used to estimate the number of sample
pairs needed to detect statistically significant differences based on coefficient of variation for the data
set and the magnitude of the difference. As a general rule of thumb, 20-30 sample pairs would be
needed to detect a meaningful (~2x) difference in E. coli stormwater concentrations; substantially more
are needed for smaller effects (e.g., a 10-20% change). Applying the information in Figure 6, assuming
lognormally distributed E. coli concentrations with a logio standard deviation of 0.7, approximately 34
paired samples are required for normally distributed E. coli concentrations with a logso standard
deviation of 0.7, approximately 34 paired samples are required to detect a 0.3 log:o (two-fold) change at
a = 0.05 and 80% power. For assumptions differing from those in Figure 6, Burton and Pitt prepared a
series of graphs that can be used to estimate the number of samples needed to determine statistically
significant changes that are accessible in Stormwater Monitoring Guidance prepared for the
International Stormwater BMP Database (Geosyntec and Wright Water Engineers [WWE] 2009) or
Burton and Pitt (2002). As an example, using the same assumptions, but omitting the power variable,
the calculation changes to 15 sample pairs.

Table 6 provides simplified rule of thumb estimates on sample pairs needed. The bottom line is that
more samples are needed for FIB for rigorous statistical analysis than for more conservative pollutants

7 For additional guidance on the number of sampling events needed, useful references include Burton and Pitt
(2002) and Chapter 6 of UWRRC (2014).
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such as phosphorus. In cases where a major source of FIB loading is identified and corrected resulting in
large order of magnitude changes, fewer samples are needed, whereas many more samples would be
needed to support statements such as “a 20% reduction in FIB” occurred.

Pragmatically speaking, it is often impractical for MS4s to collect the ideal number of samples for FIB
and “weight of evidence” considerations ultimately need to be taken into consideration when
undertaking outfall screening. For example, where two independent samples at an outfall indicate non
detect or very low E. coli concentrations and no corroborating indicators are present, additional
screening may not be beneficial. Conversely, if two high concentrations are detected, additional
sampling and screening should be pursued.

For MS4 permit compliance and/or Regulation 93 assessments, the number of samples required is
specified in the permit or listing methodology. Collection of five samples in a two-month period to
calculate a geometric mean is typically the minimum needed for compliance determinations. (See
discussion in Section 1.2.)
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Table 6. Rule of Thumb Sample Sizes for Determining Detectable Differences

(Derived from Burton and Pitt [2002])

Detectable Approx. . ]
. . Typical paired
difference concentration samples needed
(log10 scale) change P
0.5log10 ~3x difference 10-15
0.3 log10 ~2x difference 20-30
0.2 logl0 ~1.6x difference 35-50
<0.2 logl0 Subtle change >50

Difference In Sample Sel Means (%)

Figure 6. Sample Effort Needed for Paired Testing
(Original Source: Pitt and Parmer 1995)
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Once basic monitoring has been conducted to bracket areas of concern instream, then there are many
techniques that communities can use to explore and identify sources of elevated FIB in receiving waters.
The selection of techniques should be based on initial hypotheses formed from basic FIB monitoring and
in most urban areas should include basic dry weather screening of outfalls in stream reaches with
elevated FIB. Some of these methods have been available for 20-30 years or more (e.g., Pitt et al. 1993,
CWP and Pitt 2004), whereas others include recently published methods that integrate significant
advances in microbial source tracking over the last 10-15 years (e.g., Griffith et al. 2013). There are
strengths and limitations of both the older and more recent approaches, and each community will need
to balance their source tracking objectives with available budget and technical resources. A common
sequence of steps utilized by communities such as Boulder, Denver and Fort Collins that may be useful
for communities beginning E. coli source investigations includes:

1. Define and map locations of all outfalls draining to the impaired waterway.

2. Determine which outfalls are a part of the MS4 by assessing the ownership and flow
contributions of the upstream drainage network.

3. Conduct initial dry weather outfall screening. This field reconnaissance effort should
characterize all outfalls along the impaired waterway and could be split into different field visits
or combined for efficiency to collect the following information:

e Document or verify physical characteristics of the outfall (pipe size and type). (Ideally,
existing utility asset management system data can be loaded into a GIS-based field
application like ArcGIS Field Maps enabling verification.)

e Observe and document evidence of illicit connections (odor, staining, or evidence of
sanitary waste).

e Estimate dry weather outfall flow rate.
e Collect initial sample for E. coli analysis if outfall is flowing.

4. Conduct follow-up sampling to prioritize outfalls for further source identification based on
estimated dry weather E. coli loading. See MS4 permit requirements for required sample
numbers, but typically at least 5 samples should be taken for outfalls with dry weather flow
rates over 5 gpm. (For non-permit driven efforts, some variation in number of samples can be
justified if the first few samples are consistently very high or very low.)

5. Conduct initial follow-up source investigation at prioritized outfalls to identify whether human
sources of FIB are expected to significantly contribute to E. coli. This is commonly done using
the HF183 human marker, but other methods can also be used as listed in Table 7. For labor
efficiency, such samples may also be collected concurrently with FIB in Step 4.

6. Create an outfall inventory that integrates collected information. The outfall inventory could
include metrics such as drainage area, land use, physical characteristics of the pipe, above-
ground observations and collected monitoring results. Using this inventory, prioritize outfalls for
more detailed source investigation, prioritizing human sources.

7. Map Upstream Pipe Network and Sewershed Characteristics: Such mapping includes
sewershed boundaries, upstream storm network, sanitary and storm networks in the
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sewershed, and storm and sanitary condition assessment information available from utility
departments. Integrate with GIS and asset management tools for ongoing use in a manner that
avoids data loss over time.

8. Conduct Follow-up Sampling at Outfall and In-network. At this step, a range of tools can be
used to better understand where potential E. coli sources are entering the storm network. A
variety of tools such as MST markers, flow fingerprinting/chemical tracers, and other tools in
Table 7 can be used. For this step, follow-up investigations may need to be phased over a period
of years since in-network investigations are often time-intensive and require staff and
cooperation from multiple departments or organizations (e.g., a special district operates the
sanitary sewer and a county operates the MS4).

Table 7 provides a summary or toolbox of potential source tracking methods, ranging from simple to
complex. This table integrates findings from earlier EPA-sponsored work by the Center for Watershed
Protection and Pitt (2004) titled Illicit Discharge Detection and Elimination Manual and two recently
developed key references on source identification approaches that incorporate use of molecular
methods. The two latter references include The California Microbial Source Identification Manual: A
Tiered Approach to Identifying Fecal Pollution Sources to Beaches (Griffith et al. 2013) and Tools for
Tracking Human Fecal Pollution in Urban Storm Drains, Creeks, and Beaches (City of Santa Barbara
2012a&b). The primary purpose of the tools in Table 7 is to identify signals of human waste in streams
and storm drains and track these signals to their sources. Several of these techniques are discussed in
more detail later in this chapter, but the toolbox of methods is addressed first because monitoring
programs should ideally be designed considering the big picture of how a study could evolve to more
advanced techniques if simple techniques are unable to identify the source of contamination (i.e., move
forward sequentially).

Lastly, budget-related decisions on source tracking approach should consider the benefits that a well
formulated source tracking program may provide relative to the projected costs of the actions specified
in TMDL implementation plans. In some communities nationally, multi-million or billion dollar
implementation plans have been developed to address FIB impairments; thus, substantial benefits may
be gained by a well-developed and clearly targeted monitoring program. In some cases, definitively
eliminating human sources may enable some regulatory relief for the MS4 permittee. Although this type
of relief has not been evaluated in Colorado to date, EPA’s Quantitative Microbial Risk Assessment
(QMRA)-based option for site-specific standards becomes an option when human sources are largely
ruled out (See Section 7.3.2.) In some states such as California, regulatory options based on “natural
source exclusions” and reference watershed conditions are also available to dischargers when certain
conditions are met.
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Table 7. Source Tracking Tools
(Modeled after Tools for Tracking Human Fecal Pollution in Urban Storm Drains, Creeks, and Beaches, City of
Santa Barbara 2012a&b; supplemented by Pitt et al. 1993, Center for Watershed Protection and Pitt 2004)

Human Waste)

indicators where reclaimed water
is present.

storm drains). Plan repeated sampling
to account for variable results.

Tool Best Use Caveats and Challenges Cost
Visual Surveys of | Encampments, sites with frequent | Feces often contained in newspaper or
Potential Sources | daytime use, under bridges, plastic bags. $
obvious contamination associated
with inappropriate discharges.

GIS Essential for planning and Requires accurate data for both storm S
analyzing data in relation to drains and sanitary sewers, including
infrastructure. Useful prior to pipe materials, elevations and inverts,
initial field investigations, as well rehabilitation dates, NASSCO condition
as for targeting areas for more ratings, etc., where available.
detailed investigations.

Dry Weather Identification of flowing outfalls Dry weather flows can originate from

Outfall Screening | for water quality sampling, along both contaminated and $

(Basic IDDE) with physical observations (odor, uncontaminated sources.
color, floatables, deposits, stains).

FIB (E. coli) Basic indicator of potential fecal Recommended along with additional

Sampling contamination tied to regulatory chemical or molecular tests. Urban
receiving water limits. wildlife (e.g., raccoons) may be sources.

Biofilms and sediment sources may also S
contribute to elevated FIB. Extensive

sampling required to account for

variable results.

Human-specific Best tool for quantifying inputs of Plan repeated sampling to account for

waste markers human waste. Best for sampling in | variable results. Requires more

(e.g., HF183, storm drain outfalls or major expertise and cost. 8%

HumM2) nodes in storm drain network. Can | Reclaimed wastewater (both discharges
be used in streams if no WWTP to streams and used in irrigation) may
discharges upstream. interfere with results.

Chemical Finding illicit connections. Good May not identify direct human

Indicators (Basic | for understanding nutrient inputs deposition (e.g., unsheltered

Flow from any type of illicit connection. | individuals) and small sewage leaks that

Fingerprinting/ Example indicators include are significantly diluted by other flows. $

Non-human detergents, fluoride, ammonia, Background signal of urban runoff can

. and potassium. Others may also be | make fingerprinting sewage difficult in

Chemistry) useful. some urban areas. Plan repeated

sampling to account for variable results.

Chemical Finding sewage leaks. Advanced Some advanced chemical indicators may

Indicators analyses may include sucralose, be present in the environment from

(Advanced caffeine, and cotinine. surface deposition, rather than sewage 688

Markers of May be useful as additional sources (e.g., dumping coffee down
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connections (e.g.,
flushing/showering patterns).

Tool Best Use Caveats and Challenges Cost

eDNA Identifying presence or absence of | Does not differentiate fecal
various sources such as humans, contamination from general source
birds and mammals in a presence (e.g., skin cells, hair included
waterbody. May be useful for an in results).
initial screening step in identifying | Not comparable to HF183 results. S
wildlife sources without approved | Typically requires follow-up sampling
test methods. with other methods to identify fecal

sources and provide reliable
guantitative data.

CCTV (Closed Best for use where sampling data Most operators are trained for sanitary

Circuit suggests sustained input of sewer pipe inspection and may seek to

Television) of sewage. clean the lines first. Plan to guide

Storm Drains operators to slow down, look carefully SS

at leaks, and do not clean the lines first
(in order to see solids on bottom of
storm drain).

Basic Dye Test Best for testing laterals or fixtures | Use bright green dye and a UV light to S
feeding a single illicit connection look for dye in storm drains. Usually
that has been observed by CCTV. applied after an illicit connection or leak

is suspected.

Dye with Best for testing suspected sewage | A fluorometer is used to detect much SS

Rhodamine infiltration to storm drains when lower concentrations of dye compared

Probe persistent human-waste markers to visual testing. Wet weather runoff
are found w/out observing solids may create a false positive signal.
such as toilet paper. Usually applied after an illicit

connection or leak is suspected.

Smoke Test Best for limited geographic areas Difficult in large pipes and densely SS
with strong evidence for direct populated areas. Usually applied after
connections (e.g., toilet paper). an illicit connection or leak is suspected.

Electric Current The method uses the variation of See ASTM F2550 — 13. Applies only to ND

Flow Method electric current flow through the electrically non-conducting pipes w/
pipe wall to locate defects that are | diameters of 3 to 60 in.
potential water leakage paths
either into or out of the pipe.

Automated Best for outfalls with evidence of Check specs carefully to find flow

continuous flow higher flows (wet walls, signs of gauges suitable for dry weather flows.

gauges and water flowing into creek channel). | Requires confined space entry in most 88

autosamplers Supports load estimation. cases. Typically requires experienced (initial)

staff, frequent field checks and
significant maintenance. May be
affected by vandalism, sediment
accumulation, and floods.

Temperature Can be placed in storm drain Does not identify where the illegal

Probes outfalls to further verify certain connection is located. More useful in
types of suspected illegal smaller drainage areas. S
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Tool Best Use Caveats and Challenges Cost
Canine Scent Best for use when real time results | Canines may respond to non-human
Tracking (not are desired, such as working up illicit connections, due to training with
commonly used) storm drain networks with many detergents. Poor sensitivity and S
branches. Also when broad spatial | specificity. Requires specially trained
coverage is sought. canines with trained staff.
Microbial Best for sampling along a gradient | Research base has increased in recent
Community of suspected inputs, (e.g., to test if | years. Still being proven under field
Approach, e.g., septage is entering a creek). May conditions. Results are not conducive to
Phylochip, Next provide ability to discern human simple interpretation by a nontechnical
Generation sources (i.e., sewage vs septage) or | audience. Requires more expertise and SSSS
. identify animal sources for which cost. This work would typically be
Sequencing markers have not been developed | conducted by qualified university
(NGS) or for groundwater, due to low researchers. (Emerging Advanced
detection thresholds. Technique)

Notes: Cost—increasing $ indicates more expensive techniques. ND = not determined.

Dry weather screening is one of the most important tools available to municipal stormwater managers.
Identification and removal of illicit discharges and illegal connections may be the single most important

action that municipal stormwater managers can take to reduce human sources of contamination. This

step is particularly important for MS4s who are beginning a source investigation program.

The Center for Watershed Protection and Pitt (2004) prepared lllicit Discharge Detection and

Elimination: A Guidance Manual for Program Development and Technical Assessments under EPA
funding to provide guidance to communities in developing effective management programs and field
guidance to reduce illicit discharges. The approximately 200-page manual provides detailed guidance for

those embarking on dry weather surveys. The discussion which follows provides a significantly

condensed version of steps required to conduct an Outfall Reconnaissance Inventory (ORI) and some
aspects of indicator monitoring. ORI field forms, which have been effectively used by many
communities, are provided in Appendix D of the Center for Watershed Protection and Pitt (2004)
manual (accessible at:

minimum list of monitoring parameters for use in dry weather screening includes flow rate (estimated

). The

or measured), water temperature, the regulated FIB parameter, and pH. If a flow-fingerprinting
approach is being used, then additional recommended parameters for source fingerprinting include
ammonia and potassium (for calculating ammonia/potassium ratios), fluoride, phosphorus, surfactants

and/or optical brighteners (as summarized in Table 5). Many municipalities with E. coli TMDLs choose to
proceed with human DNA markers (e.g., HF183) microbial source tracking techniques instead of the flow
fingerprinting approach because they more directly quantify human fecal contamination; however,
commercial laboratory fees for DNA markers can be substantial so some MS4s with access to an internal
municipal laboratory may still choose to use these supplemental parameters. The basic steps for an
outfall reconnaissance inventory recommended by CWP and Pitt (2004) are similar to those introduced
in Section 2.3.2 and include:

1. Collect background data. At a minimum, this includes an initial map of storm drain outfalls.
Other useful information, when available, can include more detailed sanitary and storm drain
infrastructure mapping, age-related and maintenance information for the storm and sanitary
sewer system, citizen complaints, known hotspots draining to the outfall and other information.
As GIS is increasingly used by local governments in many urban areas, a significant amount of
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information can be compiled prior to fieldwork. Ideally, the “storm drainshed” and tributary
land use should be shown on maps to support field investigations.

2. Define outfall and sewershed characteristics. This includes information on the size and pipe
material of the outfall, ownership and maintenance definitions, upstream pipe network and land
ownership, and other relevant information. Many communities have GIS or asset databases that
can be used to support organizing an outfall inventory framework.

3. Conduct quantitative characterization of outfall flows. This includes estimates of flow rates and
documentation of outfalls without dry weather flow. For techniques useful for measuring or
estimating flow rates, see Center for Watershed Protection and Pitt (2004). (Many municipalities
combine steps 3 and 5, proceeding with E. coli sample collection at outfalls with flows >5 gpm
on the initial field visit.)

4. Assess and document physical indicators for flowing outfalls. Examples of physical indicators of
potential FIB contamination include odor, staining, and evidence of sanitary waste (e.g., feces,
toilet paper).

5. Assess and document physical indicators for non-flowing outfalls. Visual indicators present at
non-flowing outfalls imply intermittent inappropriate discharges, although water samples for
analyses may not be available.

6. Complete initial outfall designation and follow-up sampling actions. Based on the initial
screening activities, flowing outfalls (for practical purposes, the Division defines flowing outfalls
as > 5 gallons per minute) with indicators of potential FIB contamination should be sampled
several times. If an outfall is identified as possibly contaminated, additional sampling and
investigations are conducted along the main storm drainage system to isolate the likely reaches
of contamination to narrow the watershed investigations to identify the sources. Several
different sampling approaches can be used at this stage, including a chemical tracer approach
(discussed below), molecular methods (e.g., HF183 human waste DNA marker), and use of
advanced chemical markers.

Prior to discussing various approaches for dry weather investigations, general guidance on dry weather
sample collection is important. As is the case with instream sampling, the timing of sample collection
from outfalls can affect their results. Center for Watershed Protection and Pitt (2004) provide these
recommendations regarding timing of sample collection:

e Sample in the late fall/early spring because outfalls are easiest to spot during leaf-off or
dormant vegetation conditions. For E. coli, CDPHE targets the May to October sampling, so May
or October can be ideal. In Colorado, irrigation runoff is less prevalent before May and after
September. Small outfalls draining streamside businesses may be problematic as they are not
likely identified on city drainage maps but have been found to be more frequently contaminated
than large outfalls in some parts of the country.

e Sample after a dry period of at least 48 hours (trace rainfall activity may be acceptable
depending on the size of the watershed). Periods of regional high groundwater should also be
included during surveys to identify possible groundwater intrusion sources.
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e Sample in the early morning/late afternoon, when practical. Checking outfalls when people are
home may increase the chances of catching an inappropriate connection (e.g., flushing,
showering).Avoid conditions during snowmelt and/or if salt has been applied to the road system
draining to the outfalls. Also note that some tests (e.g., ammonia, chlorine) are affected by cold
temperatures or confounded by the presence of salt.

Following initial identification of flowing outfalls and initial FIB sampling, several different source
tracking approaches may be used when elevated E. coli is present at flowing outfalls. (Note: The
presence of a flowing outfall during dry weather does not necessarily mean that pollution is present
since uncontaminated groundwater and irrigation-related dry weather flow sources are common in
Colorado.) Examples of several approaches that have been used successfully in various locations follow.

A chemical tracer methodology can be used to conduct a mass balance of dry weather flows at an outfall
or in a drainage system to identify and quantify the flow sources, including sanitary sewage. It is not
specifically used to directly identify the sources of FIB, but the presence of wastewaters and other flows
that may be contaminated with FIB. An investigation of non-stormwater discharges into storm drainage
needs to proceed along a hierarchy of procedures and locations, progressing from exploratory
techniques to confirmatory procedures. The methodology briefly summarized here was developed over
many years for the EPA and verified in numerous communities (CWP and Pitt 2004). This procedure
recognizes that limited resources are available to municipalities and makes maximum use of information
typically available, particularly for communities that do not have budget for a study utilizing human DNA
markers (e.g., HF183) to identify sewage.

The purpose of the investigative procedures is to separate storm drain outfalls having dry weather
discharges into at least three general categories (with a known level of confidence) to identify which
outfalls (and drainage areas) need further analyses and investigations. These categories are outfalls
affected by non-stormwater discharges from: (1) pathogenic or toxic pollutant sources, (2) nuisance
and/or aquatic life-threatening pollutant sources, and (3) unpolluted water sources. The pathogenic and
toxic pollutant source category would be considered the highest priority due to potential human health
impacts or significant impacts on receiving water organisms. Nuisance and aquatic life-threatening
pollutant sources may include laundry wastes, landscaping irrigation runoff, automobile washing,
construction site dewatering, and washing of ready-mix concrete trucks. These pollutants can cause
excessive algal growth, tastes and odors in downstream water supplies, offensive coarse solids and
floatables, and highly colored, turbid or odorous waters. Clean water discharged through stormwater
outfalls can originate from natural springs feeding urban creeks that have been converted to storm
drains, infiltrating groundwater, infiltrating domestic water from water line leaks, etc.

Ideal tracers should have the following characteristics:
e Significant differences in concentration between possible pollutant sources;

e Small variations in concentrations within each likely pollutant source category;

8 The discussion in this section was prepared by Dr. Robert Pitt for use in Pathogens in Urban Stormwater Systems
(UWRRC 2014) building upon discussions in CWP and Pitt (2004). For more detailed discussion and additional
examples, see those reports.
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e Conservative behavior (i.e., no significant concentration change due to physical, chemical or
biological processes); and

e Ease of measurement with adequate detection limits, good sensitivity and repeatability.

Samples are collected from all flowing outfalls using the procedures described by CWP and Pitt (2004).
That report also has detailed guidance on ancillary observations while in the field. The surveys should be
repeated several times during the first year as intermittent flows may change seasonally. After
potentially problematic outfalls are identified, similar sampling and analyses is conducted at various
manhole locations in a drainage system to isolate the reach where the problem flows are entering the
drainage system.

Several options can be used to evaluate the collected screening data. A flow chart method (shown as
Figure 7) is simple to use and has been shown to be quite accurate. It is also possible to estimate the
outfall source flow components using a set of simultaneous chemical mass balance equations. Once
problem outfalls are identified, these fingerprinting techniques can be applied to the contributing storm
drain system to further focus source identification and correction measures, as illustrated in Figure 8.
Hand-held probes for constituents such as ammonia, fluorimeters and other test kits are commercially
available that can provide real-time measurements that may be useful in such investigations. For more
information on these techniques see UWRRC (2014) or CWP and Pitt (2004).
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Figure 7. Flow Chart to Identify Most Likely Significant Flow Component Contributing to Elevated FIB

(Source: Shergill and Pitt 2004, modifies Pitt et al. 1993)
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Figure 8. Use of Ammonia as a Tracer to Identify Drainage System Sections Contributing
Contaminated Flows
(Source: CWP and Pitt 2004)
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Advanced MST tools capable of detecting human fecal contamination are typically employed for one of
two purposes: one is implementation-oriented, and the other is oriented to regulatory relief. For
implementation-oriented MST efforts, human and non-human fecal markers are used in combination
with traditional source tracking tools to evaluate hypothesized sources of fecal contamination (often
with samples collected within the MS4 or at an outfall). An example of this is the incorporation of MST
markers into enhanced IDDE program activities. The goal of this type of application would be to identify
and locate specific fecal inputs into a MS4 and to identify targeted management actions capable of
remediating the confirmed sources (i.e., elimination of illicit discharges and/or leaks, or other structural
and nonstructural BMPs). Such a project may also incorporate confirmatory sampling within the MS4 or
at the outfall to verify successful elimination of human fecal contamination in the discharge after the
remedial action is completed. This section describes the use of MST tools for this purpose.

The second, regulatory-focused purpose of MST studies involves use of MST tools to demonstrate the
absence (or near absence) of human fecal contamination in a receiving water, often to confirm its
eligibility for a site-specific standard (since it is generally understood that the default recreational
criteria values are conservatively low for non-sewage impacted receiving waters). In this case, in some
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states such as California, human markers may be used to support a natural source exclusion request,® or
they may be used in combination with the direct measurement of pathogens to quantify the iliness risk
associated with water contact recreation to support the development of risk-based criteria calculated
using QMRA. The use of advanced MST tools for QMRA is described in more detail in Section 7.2.

Recent progress in the use of advanced molecular methods as part of a source tracking toolbox has led
some communities nationally to move towards routine use of these methods as part of dry weather
monitoring at storm drains discharging to impaired waterbodies in urban areas. These methods are able
to directly measure source-specific fecal bacteria (i.e., do not require the creation of a library to identify
sources). Furthermore, EPA has recognized the increased reliability of these methods for characterizing
fecal pollution and is currently developing a standardized method for the measurement of human
markers in environmental waters. Two specific methods approved by EPA for human markers include
HF183/BacR287 (Method 1696.1) and HumM?2 (human mtDNA) (Method 1697.2). For more information
on EPA-approved methods, see

Many human and nonhuman source-specific markers have been tested and method recommendations
for human, dog, gull, cow, and other markers can be found in the California Microbial Source
Identification Manual (Griffith et al. 2013) and are accessible through commercial microbiology
laboratories as well as at some universities. The use of these advanced molecular markers is a fecal
source tracking exercise. Source-specific markers are often not correlated with FIB in the MS4 due to the
presence of non-fecal FIB sources (e.g., soil, sediments, decaying plant matter) and non-anthropogenic
fecal sources (e.g., wildlife) contributing to the overall FIB concentration measured. Differential decay of
markers compared to FIB and FIB regrowth may also result in weakly correlated data.

Figure 9 provides an example flow chart illustrating how such methods can be applied. Initial steps in
this process focus on desktop review of available data, including GIS mapping of sanitary sewers and
storm drains, to identify potential problem areas. Next, initial field investigations focus on identifying
and mapping outfalls with dry weather flows. This approach then moves directly to sampling outfalls
with dry weather flows for human markers using molecular methods, with a key objective being to
quickly determine the presence or absence of human sources of fecal contamination. Where human
markers are identified, then additional investigations regarding sources of the flows are initiated, using a
toolbox of methods such as those listed in Table 7. Once sources of human contamination are
determined, then mitigation of these sources can begin. Where human sources are absent, it may still
be possible to reduce flow sources to reduce E. coli loads, in some cases (e.g., excessive irrigation).

% Currently, Colorado does not offer a natural source exclusion; however, this may be a topic warranting further
exploration. In California, the Natural Source Exclusion Approach recognizes natural sources such as direct inputs
from birds, terrestrial and aquatic animals, wrack line and aquatic plants, or other unidentified sources within the
receiving waters. The Natural Source Exclusion Approach requires the control of all anthropogenic sources of
bacteria and the identification and quantification of natural sources of bacteria. Exceedances are allowed based on
residual exceedances due to natural sources.
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Figure 9. MS4 Microbial Source Identification Investigation Approach
(Source: Geosyntec Consultants, as presented in UWRRC [2014])
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Weber et al. (2013) provide an example application of a microbial source tracking toolbox approach in
response to the San Diego River TMDL. A process similar to Figure 9 was followed in this investigation.
The regulatory driver for the investigation was the San Diego Regional MS4 Permit, which implements
requirements of a FIB TMDL. The requirements focus on dry weather sources associated with TMDL
compliance goals, with actions oriented toward prioritizing human fecal sources, as well as “controllable
anthropogenic” sources (domesticated animals, etc.). Reconnaissance activities associated with this
study included identifying areas with potential for human fecal inputs and categorizing outfalls based on
proximity to receiving waters, and sewer mains/septics. As part of the reconnaissance effort,
approximately 110 outfalls were visited, with 19 determined to be flowing. Electronic field forms (i.e., a
mobile “app” for use on field tablets) were used to document key field conditions and directly associate
collected data with GIS mapping of the storm drain system (automatically uploaded to a database),
which enabled development of consolidated information. Tabular review of data enabled a “weight of
evidence” approach to assess the likelihood of human sources, as shown in Table 8.

Table 8. Example Tabulation of Results from Microbial Source Tracking Using a Toolbox
Approach in San Diego
(Source: Weber et al. 2013)

Outfall ID Human -| Human - Dug.-. Ammufma as Phos:il::ftle asP MBAS Caffeine Cotinine | Sucralose
' HF183 | HumM2 |BacCan| N (mg/L) (ng/1) (mg/L) (ng/L) (ng/L) (ng/L)

SDR-13 0 0 0 0.18 0.28 =0.10 310 38 N/A
SDR-15D 0 0 1 0.06] 0.23 =0.10 6.1 4.5 N/A
SDR-35 0 1 0 <0.02 0.03] <0.10 150 21 1300
SDR-41 0 0 1 0.08] 0.12 <0.10 52 15 N/A
SDR-696 0 0 0 0.15 0.18 1.4 37 13 91
SDR-714 0 0 0 0.18 0.51 0.32 1000 1200 N/A
SDR-739 0 0 0 0.13 0.1 <0.10 46 30 N/A
SDR-751 0 0 0 1.19 1.07 <0.10 32 8.9 N/A
SDR-754 0 1 0 0.2 0.3 =0.10 14 6.1 N/A
SDR-758 0 0 0 1.06 0.18 =0.10 150 6.3 N/A
SDR-760 0 0 0 0.37 0.12 <0.10 2000 96 N/A
SDR-770 & 769 1 0 0 0.13 0.17 =0.10 9.8 <2 73
SDR-774A 0 0 0 0.07] 0.13 <0.10 7.4 <2 34
SDR-730 0 0 0 0.15 0.12 =0.10 1.8 =2 N/A
SDR-791 0 0 0 0.27 0.61 =0.10 67 12 N/A
SDR-825 0 0 1 0.28 0.52 <0.10 60 24 430
SDR-858 0 1 0 0.13 0.04] 0.1 220 130 420
SDR-939 0 0 0 N/A
SDR-999 0 0 0 0.21 0.33 <0.10 88 17 N/A

Note: Rows highlighted in blue detected one or more human molecular markers, also shown as “1” if
present and “0” if absent.

Human HF183, Human HumM2, and Dog BacCan are tests for molecular markers.

MBAS is a methylene blue active substances assay, which is a colorimetric analysis test method that
uses methylene blue to detect the presence of anionic surfactants (such as a detergent or foaming
agent) in a sample of water.

Caffeine, cotinine and sucralose are chemicals commonly associated with human waste.
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Figure 10. Example Use of GIS in Microbial Source Tracking Studies
(Source: Weber et al. 2013)
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Some of the questions that can be asked using a weight of evidence approach, once data are tabulated,
include:

* What is the method sensitivity and specificity (likelihood of false negative and false positive
results due to poor detection limits and potential cross-reaction, respectively)?° Conducting
several sampling events for key markers may help to reduce likelihood of false negatives or
positives.

¢ What are the marker concentrations and frequencies of detection?
e Do the molecular or chemical marker results correlate with FIB concentrations? *

e Was the presence of a human marker due to a single fecal contamination event (e.g., a discrete
SSO) or representative of persistent pollution (e.g., a leaking sanitary sewer)?

¢ Do the results match up with visual information (e.g., from surveys, CCTV, dye tests)?

In the example shown in Table 8, the appropriate next steps for the project were determined to be
follow-up on the four outfalls where human markers were detected. Activities considered for follow-up
included additional investigation of flow sources to and within the storm system networks using
techniques such as CCTV and dye testing of the target area, as well as additional sampling within the
storm system network for FIB, sucralose, and human markers.

Studies of storm drains in Santa Barbara, San Diego and elsewhere (e.g., Monroe 2009) have
consistently found a lack of correlation between FIB and human markers, confirming the understanding
that urban sources of FIB are ubiquitous and typically persist even when human sources are controlled.
At the same time, these and other recent advanced source tracking studies and ongoing nationwide
MS4 IDDE programs have shown that human fecal contamination within urban stormwater
infrastructure is not uncommon (Li et al. 2025, Young et al. 2022, Ahmed 2019); therefore, elevated FIB
and detectable human waste may be two persistent but separate issues that urban MS4 permittees
need to address.

The success of any MST study depends on proper study design. A hypothesis-driven study approach is
essential to producing scientifically conclusive results. Numerous examples exist where agencies have
conducted poorly planned MST investigations, resulting in inconclusive and unsatisfying results, wasted
money, and not met project objectives. These examples reinforce the need for clear study objectives
and proper study design to maximize the likelihood of achieving desired project outcomes. To guide
proper study design, study hypotheses are generated concerning the potential sources of fecal
contamination through the following activities (Griffith et al. 2013):

e Consulting with local experts and other stakeholders with knowledge of the watershed and its
potential contamination sources.

10 The occurrence of false negative and false positive results may be mitigated through the use of validated
markers, proper quality assurance and quality control (QA/QC) techniques for sample collection and processing,
an experienced source tracking laboratory, and robust technologies such as droplet digital PCR (ddPCR).

11 Correlations are often not observed due to multiple sources of FIB (human, non-human, and non-fecal)
contributing to FIB concentrations.
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e Gathering information about MS4 and sanitary sewer infrastructure (e.g., GIS location data, age,
material).

e Gathering historical FIB and other relevant monitoring data.
e Conducting field reconnaissance and sanitary surveys.

e Synthesizing all information gathered to generate hypotheses as to the primary sources
responsible for elevated FIB concentrations.

Formulated hypotheses as to what sources are suspected and where they are located will then guide the
selection of source-specific markers (e.g., human, bird, dog), representative sampling locations (e.g.,
outfalls, receiving waters, source areas), the number of samples needed, and the timing of sample
collection. When infrastructure sources are suspected, it is generally preferable to collect samples as
close to the source as possible, thereby reducing the chances of not detecting markers due to sample
dilution in the receiving water. Where reclaimed water is used for irrigation, irrigation runoff (e.g.,
overspray, over-irrigation) may also be a source of human markers (i.e., “dead” or not viable human
DNA remaining in the disinfected wastewater). Source samples (e.g., animal feces, reclaimed water) can
be collected and analyzed to evaluate the potential for cross-reaction or confounding sources of DNA.

The collection of samples for advanced molecular methods requires that special collection and handling
procedures be followed to prevent sample contamination. Similarly to procedures used for FIB sampling,
sterile sampling techniques must be used including sterile sample containers and clean gloves being
used for each sample collected. Any equipment used to collect samples must be either discarded after
use or sterilized between samples (by autoclave or acid washing). While standard sample holding times
have not been established for methods using DNA markers, it is recommended that samples for
molecular analysis be immediately placed on ice and filtered as soon as possible (e.g., within 6-24 hours
of sample collection. Follow instructions provided by the lab analyzing the samples.

Quiality assurance and quality control (QA/QC) procedures are also critical during sample processing and
analysis. Sample filtration may be performed by those collecting the samples, by the lab performing FIB
analysis, or by the lab performing the molecular analysis (water samples can be shipped overnight on
ice). To ensure that sterile techniques are being followed during filtration, field or filter blanks (sterile
water filtered in parallel with samples) should be prepared and analyzed along with collected samples.
Experienced source tracking labs that have participated in multi-lab validation studies (such as those
sponsored by EPA and SCCWRP) should be selected for analysis. Molecular analyses performed at these
labs should include analysis of control samples including DNA extraction blanks, negative and positive
reaction controls, and inhibition analysis. Lab selection will also depend on the availability of desired
markers. Several markers including the HumM2 human and CowM2 cow markers require licenses
obtained from the EPA for use.

Advanced MST tools are most successfully used as part of a weight-of-evidence approach to identifying
fecal sources. The use of two human markers, such as the HF183 and HumM2 markers, can help provide
an additional line of evidence that human fecal sources are present or absent. Because these two
markers have slightly different molecular targets, a positive detection for both markers gives increased
confidence in the results and greatly reduces the chance of false positive results. Additionally, the HF183
marker has been shown to be more sensitive to low concentrations of human fecal contamination, while
the HumM2 marker is more specific to human fecal sources (Griffith et al. 2013). If budget allows, it can
be useful to use multiple human markers in combination with non-human markers, chemical indicators,
and other traditional tools such as dye testing to fully evaluate hypothesized sources. Practically
speaking, due to the cost of analyzing multiple human markers, many communities in Colorado that
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have gained experience with molecular methods utilize the human marker HF183 to identify human
waste sources. CDPHE does not currently have formal guidance related to acceptable levels of HF183 for
action thresholds identifying the need for further investigation at outfalls.

In communities that have used MST to confirm human contamination, it is possible that questions still
remain regarding the sources of human contamination, which is important for identifying effective
control strategies targeting the source(s). Novel research to further partition human sources has been
conducted in California, among others. Concept-level introductions to some of this research are
provided very briefly below and may be of further interest for mature programs that have identified
human sources but have not been able to determine the best abatement strategies due to uncertainties
regarding the human source(s).

SCCWRP (Schiff et al. 2025) conducted a five-year study in the San Diego River watershed quantifying
the relative contributions of six major human fecal sources during wet weather. The study identified the
largest contributors of human fecal contaminations including public sewer overflows (SSOs), exfiltration
from public sewer pipes, and onsite wastewater treatment systems (OWTS/septic systems). The minor
contributors included private sewer overflows and exfiltration from private laterals. The smallest
contributor was from people experiencing homelessness. To support the analysis, researchers collected
stormwater samples throughout the watershed and analyzed them for HF183 to confirm the presence
and magnitude of human sewage contamination, then paired these data with measurements of sewer
system performance—such as documented sewer overflows and assessments of public sewer
exfiltration—and information on onsite wastewater treatment systems, private laterals, and
encampments. Using this integrated dataset, SCCWRP applied a structured mass-balance approach to
“tease apart” the relative contributions of six hypothesized sources.

Additional SCCWRP research has included characterizing the microbial communities present in sanitary
sewers and storm pipes using biofilm signatures to differentiate whether a storm pipe is influenced by
sanitary flows (Schiff, Steele and Griffith 2023). During wet weather, storm flows were sampled for
HF183 and microbial community biofilms. If present, the HF183 confirms there is a human source in
stormwater and if a sanitary sewer biofilm community signal is found, then the strength of the signal can
be used to assess whether the HF183 is originating from a sanitary sewer.

Another technique is next-generation sequencing (NGS). NGS is a set of “massively parallel” DNA
sequencing technologies that generate very large numbers of sequence reads from an environmental
sample, allowing characterization of entire microbial communities rather than targeting a single
organism or indicator. In stormwater and receiving-water studies, NGS is most commonly applied as 16S
rRNA gene amplicon sequencing to describe bacterial community composition (“community
fingerprints”) and how that composition shifts across space and time. SCCWRP frames these molecular
approaches as part of an expanding toolbox for microbial water-quality management—supporting
faster, more informative detection and, when paired with other lines of evidence, improved
understanding of contamination sources and transport processes. For example, SCCWRP researchers
combined culture-based enterococci, digital PCR human markers (e.g., HF183), and 16S community
sequencing to evaluate sewage influence along the U.S.—Mexico border shoreline, illustrating how NGS
can complement targeted assays by providing a broader microbial-community signature that can be
compared to candidate sources (Zimmer-Faust et al., 2021).
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NGS results are best interpreted as supporting information for screening, pattern recognition, and
hypothesis generation—not as a direct compliance metric—because important limitations affect how
data can be used in MS4 decision-making. First, 16S amplicon sequencing typically yields relative
abundance (proportions of sequences) rather than absolute concentrations, so NGS alone cannot
identify whether bacteria levels exceed standards or quantify pathogen dose without additional
measurements. Second, results can be influenced by sample processing and analytical choices (e.g.,
filtration/extraction methods, primer and PCR bias, sequencing depth, bioinformatics pipelines), which
can affect comparability across projects unless standardized approaches and QA/QC are used (Zimmer-
Faust et al., 2021). Third, detection of DNA does not necessarily indicate viable organisms or direct
human health risk, so SCCWRP implementations typically pair NGS with conventional indicators and
targeted human markers to strengthen interpretation and support source investigations (e.g., adaptive
sampling with HF183 to pinpoint human inputs in an urban watershed) (Steele et al., 2019).

For stream segments with E. coli TMDLs, CDPHE typically requires some type of monitoring to support
an understanding of progress towards TMDL goals. The type of monitoring varies based on permit type
and renewal date, with individual permits (e.g., Denver, Colorado Springs) and recently renewed permits
typically having more stringent requirements. The purpose of this discussion is to provide MS4s with an
overall perspective of the costs and benefits of various types of monitoring that may be required or part
of a menu of options in MS4 permits. CDPHE (2025) has identified these monitoring goals:

e Characterize baseline conditions so that progress can be measured over time
e Provide information on sources of pollutants

e Measure (evaluate) trends over time

e Assess effectiveness of control measures to address prioritized sources

Table 9 provides an overview of potential permit-required monitoring with additional discussion
following based on monitoring type. Some MS4 permits allow for regional coordination of monitoring,
which is also discussed. In general, dry weather monitoring is less expensive and has lower staffing and
training requirements. Dry weather monitoring is useful for identifying persistent sources of E. coli,
whereas wet weather monitoring characterizes episodic loading in response to precipitation events.
Additionally, dry weather is the dominant condition when recreation is occurring, and some local
governments provide targeted public health messaging to discourage recreating with 24-48 hours of a
precipitation event.
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Table 9. Overview of Permit Compliance Monitoring Approaches

Types Benefits Limitations/ Drawbacks Relative Cost
Instream (Dry Hot spots WLA Reductions may be in the Low to
weather or Seasonal trends “noise” for E. coli Medium
ambient) Temporal trends (depends on
Attainment evaluation partners)
Dry Weather Source ID/control Private property Low-Medium
Outfall Prioritize actions Accessibility (depends on
Conducive to phased Natural sources phasing)
approach Number of outfalls
Wet Weather Quantify loads relative to | “Known” information—unlikely High
Outfall TMDL WLAs to direct new actions
Safety/Equipment/Training
Wet Weather Identify best performing Skill/equipment/training High
BMP/SCM practices/design
Effectiveness improvements
Wet Weather Assess whether wet “Known” information—unlikely High
Instream weather attains standard | to direct new actions
Trends over time (if long- | Skill/Training
term monitoring Safety/Equipment
program)

Instream dry weather or ambient monitoring are common

among many watershed organizations and collaborative
multi-jurisdictional municipal and county programs. Dry
weather programs may specify a dry-weather antecedent
condition such as 72 hours, whereas ambient programs
monitor conditions that happen to occur on the planned
monitoring day (e.g., third Thursday of the month). Most of
the streams with E. coli TMDLs on the Front Range are part
of such monitoring programs, which typically include E. coli.
Monitoring frequencies for these programs vary but typically
include a minimum of monthly grab samples during the
recreation season. Some programs monitor weekly and
others monitor monthly year-round. In some cases,
programs have chosen to monitor weekly for a limited time
period and then reduce the frequency to monthly if no
significant new information was being gleaned from the
more intensive monitoring frequency.

A benefit of collaborative or regional monitoring programs is
that they provide opportunity for cost-sharing among
multiple local governments, either through in-kind staff
labor and in-house laboratories or through cost-sharing for

Representative Front Range Regional
Monitoring Programs

Arkansas Fountain Coalition for Urban
River Evaluation (AF CURE)

Barr Milton Watershed Association
Bear Creek Watershed Association
Big Dry Creek Watershed Association

Cherry Creek Basin Water Quality
Authority

Joint Task Force — Phase 1 MS4s &
MHFD

Keep It Clean Partnership (Boulder
County)

Lower Poudre Monitoring Alliance

South Platte Coalition for Urban River
Evaluation (SPCURE)

consultant contracts. In some cases, the monitoring and analysis is done in-house by staff and a
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consultant is hired to statistically analyze collected data. Additionally, as a stream crosses multiple
municipal boundaries, the monitoring methods and sampling dates are consistent. For example, Big Dry
Creek Segment 1 crosses eight city/county jurisdictions over a 34-mile length of stream subject to an E.
coli TMDL. City staff and laboratories collect and analyze the data with consultant support for annual
analysis and database maintenance. A collaborative monitoring approach has enabled an over 25-year
water quality record using consistent monitoring and analysis protocols.

Instream dry or ambient based monitoring program components typically include grab samples at fixed
locations so that trends can be evaluated spatially, temporally and seasonally. As a companion to water
quality sampling, flow measurements (either with a flow meter or downloaded from a stream gauge),
weather (e.g., precipitation, temperature), field parameters and field observations (e.g., dense geese
presence) are important. Additionally, these monitoring programs can be used to identify “hot spots”
where E. coli concentrations change spatially or temporally, helping to identify areas warranting more
in-depth evaluation. Example sampling and analysis plans, including sample collection procedures are
readily available through multiple websites for existing regional monitoring programs (e.g., Keep It Clean
Partnership, Big Dry Creek Watershed Association). A written sampling and analysis plan and quality
assurance project plan (SAP/QAPP) should be developed and followed for instream monitoring
programs.

Topics covered in regional instream monitoring programs (and other types of monitoring programs)
should include information on sample locations, sample collection methods, analytical methods and
hold times, chain of custody requirements, and quality assurance samples such as field blanks and
replicates. Although several analytical methods can be used for E. coli, the most common EPA-approved
method currently used on the Front Range for E. coli is IDEXX Colilert Quanti-Tray/2000. Hold times for
E. coli are 8 hours with a 10 °C storage temperature; this includes 6 hours from sample collection to the
laboratory, which may require samples to be dropped off by mid-afternoon to meet the 8-hour hold
time. In some research contexts, longer hold times may be acceptable (Harmel 2016).

A limitation of instream monitoring programs for FIB is that at some point the baseline is characterized
and there is a need to shift to outfall sampling or other special studies to identify potential controllable
sources of E. coli and to identify the nature of the sources (e.g., human, bird, dog). Once sources are
abated, long-term instream monitoring can also be used to assess how the stream responded to
abatement activities.

Dry weather outfall monitoring is a key component of assessing whether persistent sources of fecal
contamination are originating from stormwater outfalls. This topic is discussed in detail in Section 2.3 of
this Toolbox. Depending on the MS4 permit, CDPHE specifies triggers for dry weather outfall monitoring
for E. coli that include dry weather flows greater than 5 gpm. The number of samples required is
specified in the relevant MS4 permit but typically requires a minimum of five spaced approximately
weekly. Dry weather E. coli sampling is the first step to determine whether more in-depth source
identification (e.g., CCTV, DNA markers) is needed in the basin tributary to the outfall. Dry weather
monitoring can often be staffed internally with consultant support as needed, depending on the scale of
the dry weather sampling. For example, some MS4s have only a few outfalls whereas other MS4s may
have over 100 outfalls discharging to multiple E. coli-impaired or TMDL segments.

The study cost for dry weather outfall screening varies widely but can range from $10,000-$50,000 for a
limited number of outfalls for E. coli and flow estimates only to $100,0000-5$200,000+ if a large number
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of outfalls are monitored with supporting GIS documentation, report preparation and follow-up
sampling for human DNA markers. A $500,000 dry weather study could be within range for a large
system with multiple sampling events and DNA markers. Factors to consider when budgeting for dry
weather screening include: availability of reliable outfall mapping in GIS, staffing approach (internal,
consultant, combination), accessibility, number of sampling events and in-house vs. commercial
laboratory services. Accessibility of outfalls can increase costs if outfalls are not accessible by bike path
or car or have complicated private property access issues. Staff training for grab sample collection is
straightforward; however, training is often needed for estimating or measuring flows.

Where permit conditions allow flexibility for designing wet weather monitoring programs, it is important
to clearly define monitoring objectives to make the most of the monitoring. Some general “known”
characteristics of E. coli in urban stormwater runoff include:

E. coli is typically ubiquitously high in urban runoff, typically at least one to two orders of
magnitude above the stream standard (Figure 11).

E. coli in urban runoff is highly variable, also often spanning an order of magnitude or more. This
can be the case even for a relatively simple land use like a parking lot, using the Fort Collins data
set shown in Figure 11 below with E. coli results spanning 1 to 1,130,000 MPN/100 mL.

E. coli and other FIB do not necessarily have a first flush effect. Some researchers have found
that the highest E. coli occurs later in a runoff event. For this reason, individual grab samples
may result in both underestimates and overestimates of E. coli concentrations and loading.

Some stormwater SCMs may reduce E. coli but effluent concentrations typically cannot
consistently meet stream standards at end of pipe.

Unique considerations for monitoring E. coli relative to other pollutants include factors such as
more stringent hold times, refrigeration and earlier lab delivery windows. For these reasons, E.
coli is sometimes omitted from wet weather monitoring programs or discontinued after some
point, as was the case with the Joint Task Force (JTF) monitoring program, described in an
upcoming section.

June 2026 Colorado E. coli Toolbox 54



Figure 11. E. coli in Urban Runoff from Several Urban Areas along Colorado Front Range
(Data Source: International Stormwater BMP Database 2025, inflow data sets)
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2.5.4 Wet Weather SCM Effectiveness

Inlet and outlet flow and water quality sampling for SCM effectiveness along the Colorado Front Range
could expect to collect potentially 5-8 events per year, depending on weather and timing of events
relative to lab hours (weekdays) and staff availability. In some years, three events may be realistic based
on monitoring experience of MHFD and others. For SCM sampling using a paired inflow-outflow design,
then two autosamplers and water level sensors would need to be installed and calibrated, with a 2025
order of magnitude cost estimate of approximately $30,000 per SCM site. Lab analysis costs vary based
on constituents analyzed and whether an internal or commercial laboratory is used. E. coli analysis alone
is typically <$35/sample but the cost for a full suite of analytes and sample collection can often range
higher, depending on constituents analyzed and lab used. A rule of thumb for SCM monitoring is roughly
$60,000/year. To conduct performance and trend analysis, seasons of monitoring are likely needed to
get 15-20 events; therefore, ballpark costs for an SCM study are on the order of ~$200,000+ for a 3-year
study.

2.5.5 Wet Weather Instream

Wet weather instream monitoring has similar logistical and cost challenges to wet weather outfall
sampling. Prior monitoring efforts both locally and throughout urban areas in the U.S. show that FIB are
elevated in urban runoff. For this reason, it is typically not worth the cost to conduct general wet
weather instream monitoring if the monitoring objective is to simply answer whether E. coli is elevated
in urban runoff. Additionally, the magnitude of exceedance of recreational water quality criteria can be
estimated at one to two orders of magnitude higher than the stream standard of 126 cfu/100 mL with
large standard deviations. Large intra-storm variability is also well documented, limiting the value of
single grab samples (Ahmed et al. 2019). Two examples of wet weather monitoring are described below.
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The most comprehensive wet weather instream sampling program in Colorado that has included E. coli
has been the work of the Joint Task Force (JTF) that includes Phase 1 MS4 permittees in the Denver
Metro area with support from MHFD and the U.S. Geological Survey (USGS). In 1993, the City of Aurora,
the City and County of Denver, the City of Lakewood, and the Urban Drainage and Flood Control District
(UDFCD) formed the JTF to coordinate efforts regarding the NPDES Phase | permitting requirements and
the related goals of the three municipalities. In 1997, one of the principal functions of this group became
the annual monitoring of wet-weather water quality in the receiving streams to study the impact on
those streams as the result of stormwater runoff from the communities. FIB were included in the
program for a number of years, with findings for 2001-2005 provided in USGS Scientific Investigations
Report 2008-5134 (Bossong and Fleming 2008), which includes a description of the monitoring methods
and detailed statistical analysis results. The report describes the quality of stormwater sampled from
October 1, 2001-October 11, 2005. Time-weighted composite stormwater samples were collected by
compositing individual aliquots of stormwater that were obtained at fixed time increments typically
during 12-hour intervals; bacteriological samples were collected manually from streams during some
storms. Monitoring locations included three stations on the South Platte River (Union, Denver, and
Henderson), Sand Creek and Tollgate Creek. FIB including E. coli and fecal coliform consistently
exceeded numeric standards in all samples (Bossing and Fleming 2008).

Key observations for E. coli from this data set summarized in Table 10 and Table 11 include:

e Instream samples collected under wet weather instream conditions exceed primary contact
standards by one to two orders of magnitude for all locations and water years. Individual
samples can be as high as three orders of magnitude above the stream standard.

e For most of the monitoring locations, the falling limb of the hydrograph (later in the storm
runoff) was typically an order of magnitude higher than the rising limb of the hydrograph. This
finding is important because it confirms that a single grab sample may either over or
underpredict the E. coli concentrations instream during the course of a storm, depending on
when it was collected.

= For any individual water year, E. coli concentrations for various storm events can range three
orders of magnitude at the same site. Median concentrations are on the order of 10,000 cfu/100
mL, or approximately 100 times the stream standard.

Some additional data are available prior to and following the USGS synthesis report. Because of the
additional level of effort associated with the FIB samples as grab samples, additional samples were not
collected as part of the JTF program after 2007.
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Table 10. E. coli (cfu/100 mL) Summary Statistics by Hydrograph Condition for Instream Wet
Weather Monitoring Stations (2001-2005)
(Source: USGS Scientific Investigations Report 2008—-5134 by Bossong and Fleming 2008)

Monitoring Station

and Flow Condition n Mean Median StDev Min Max
All Stations
All 22 16,500 13,000 20,000 460 92,000
Rising 5 8,670 1,700 14,800 460 35,000
Falling 13 14,700 13,000 10,800 500 35,000
Rising & Falling Limbs 3 38,700 13,000 46,200| 11,000 92,000
Unclassified 1 13,000 13,000 13,000 -- --

South Platte River below Union Avenue (06710247)
All 5 26,500 13,000 36,900 1,700 92,000
Rising 1 1,700 1,700 1,700 - -
Falling 2 13,000 13,000 0| 13,000 13,000
1
1

Rising & Falling Limbs 92,000 92,000 92,000 -- --

Unclassified 13,000 13,000 13,000 -- --
South Platte River at Denver (06714000)

All 5 13,000 13,000 6,870 4,900 22,000
Rising 1 4,900 4,900 4,900 -- --
Falling 3 15,600 17,000 7,150 7,900 22,000
Rising & Falling Limbs 1 13,000 13,000 13,000 -- --
Tollgate Creek above 6th Avenue at Aurora (394329104490101)

All 3 25,700 35,000 16,200] 7,000 35,000
Rising 1 35,000 35,000 35,000 -- --
Falling 2 21,000 21,000 19,800] 35,000 --
Sand Creek at mouth near Commerce City (394839104570300)

All 4 13,500 9,150 16,300 500 35,000
Rising 1 1,300 1,300 1,300 -- --
Falling 3 17,500 17,000 17,300 500 35,000
South Platte River at Henderson (06720500)

All 5 6,950 7,000 5,210 460 13,000
Rising 1 460 460 460 -- --
Falling 3 7,770 7,000 4,900 3,300 13,000
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Table 11. E. coli (cfu/100 mL) Summary Statistics by Water Year for Instream Wet Weather
Monitoring Stations (2001-2005)
(Source: USGS Scientific Investigations Report 2008—-5134 by Bossong and Fleming 2008)

Year n Mean Median StDev Min Max
All Stations

2002 10 17,100 13,000 10,700] 3,300 35,000
2004 8 4,600 3,300 4,480 460 13,000
2005 4 38,800 26,000 36,900( 11,000 92,000
South Platte below Union Avenue at Englewood (06710247)
2002 2 13,000 13,000 -- - --
2004 2 7,350 7,350 -- - --
2005 1 92,000 92,000 -- - --
South Platte River at Denver (06714000)
2002 2 17,500 17,500 -- - --
2004 2 6,400 6,400 -- -- --
2005 1 17,000 17,000 -- - --
Tollgate Creek above 6th Avenue at Aurora (394329104490101)
2002 2 21,000 21,000 -- - --
2005 1 35,000 35,000 -- - --
Sand Creek at mouth near Commerce City (394839104570300)
2002 2 26,000 26,000 -- - --
2004 2 900 900 -- - --
South Platte River at Henderson (06720500)
2002 2 8,150 8,150 -- - --
2004 2 3,730 3,730 -- - --
2005 1 11,000 11,000 -- - --

The Big Dry Creek Watershed Association (BDCWA) has conducted an ambient instream water quality
monitoring program for nearly 30 years, with monthly instream E. coli data available at eight upstream
to downstream locations. The voluntary program utilizes city and county staff and municipal
laboratories to cost-effectively evaluate long-term trends in water quality. As an “ambient” program,
samples include a combination of dry weather conditions and some wet weather-influenced events. By
pairing sample date with precipitation gauge data, BDCWA was able to “bin” samples influenced by wet
weather events of 0.1 inch or more and dry weather samples for a semi-quantitative assessment of the
influence of wet weather events. As shown in Figure 12, E. coli concentrations under wet weather
events were higher at all monitoring locations evaluated, including urban open space (bdc1.5), urban
open space below WWTP discharges (bdc3.0) and agricultural use (bdc6.0). Wet weather-influenced
events were also more likely to exceed the upper quantification limit (2419.6 MPN/100 mL) associated
with IDEXX Colilert methods so the data are not directly comparable to the JTF results discussed in
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Section 2.5.5.1 above.? For more information about the BDCWA sampling program, see
www.bigdrycreek.org.

Figure 12. Big Dry Creek Watershed Association Upstream to Downstream Boxplots of Dry
and Wet Weather Influenced Instream Samples (WWE 2025)

Box plots (E. coli (MPN/100 mL))
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Note: Upper quantitation limit = 2,419.6 MPN/100 mL. Wet-weather influenced conditions may be higher than
shown because of the limitation. Outliers not displayed on graph.

12 Monitoring programs targeting quantification of E. coli under wet weather conditions should consider 10X
dilution of samples for a quantitative result.
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2.6 EMERGING MONITORING TECHNOLOGIES

Monitoring technologies continue to evolve, enabling more robust
data and real-time data sets. At the time of this toolbox update, a
variety of sensor technologies were evolving, with highlights shown
in Table 12. The applicability, reliability and maintenance
requirements of these technologies are not explored in detail but
provided for general awareness. Real-time sensor technologies are
an approach that is being used for communication with the public to
inform risk for recreators (e.g., H2ZNOW Chicago, Guillot-Le Goff et
al. 2026).

As one local example of sensor technology being tested, CU Boulder
researchers and the City of Boulder are testing instream sensors
(Knopp et al. 2026; https://virridy.com/lume/) that measure
tryptophan-like substances instream. Sensors currently costing
approximately $1,000 each are being correlated (or trained) to
instream E. coli concentrations. The city has six sensors in Boulder
Creek that are being “trained” to measure instream E. coli
concentrations. If proven accurate and reasonably maintainable,
these could provide real-time information for public messaging
when E. coli concentrations are elevated. Common challenges with
sensors include fouling, vandalism, and maintenance requirements; therefore, field-based testing is
important to assess practical viability of new technologies.

Field installation of a Lume sensor in Boulder.
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Table 12. Overview of Emerging Sensor Technologies

(TLF)

associated with fecal
matter (aromatic
amino acids)

and relatively low
cost; strong
indicator of
sewage pulses

dissolved organic
carbon (DOC); site-
specific calibration;
cannot distinguish
human vs. animal

Technology What It Actually Key Strengths Key Weaknesses / | Appropriate
Type Measures Limitations MS4 Role
Tryptophan-like | Fluorescent organic Real-time; robust Not E. coli; sensitive | Screening,
fluorescence compounds in situ; low power | to turbidity and public

communication,
IDDE
prioritization

Optical
biosensors
(fluorescence /
colorimetric)

Enzyme activity or
binding reactions
associated with
bacteria

Rapid; portable
platforms possible;
moderate cost

Often detect total
coliforms rather
than E. coli; optical
interference;
sensor drift

Screening / pilot
monitoring

Electrochemical

Electrical signal from

High sensitivity;

Fouling in urban

Research / pilot

biosensors binding of E. coli cells | compact runoff; cross- deployment
or biomarkers hardware; reactivity; frequent
integrates with maintenance
telemetry
Phage-based Infection of viable E. | Detects viable Phage stability Research /

differentiation

taxonomy

biosensors coli cells by bacteria only; high | issues; narrow host | demonstration
bacteriophages specificity coverage;
Isothermal E. coli DNA amplified | Faster than qPCR; Susceptible to Rapid
amplification at constant lower energy; contamination; less | confirmatory
(LAMP/RPA) temperature field-portable standardized screening
Immunosensor | Binding of antibodies | Species-specific; Cannot distinguish Focused
(antibody- to E. coli surface faster than culture | viable cells; investigations
based) antigens antibody
degradation;
consumable costs

DNA-based E. coli genetic High specificity; Not real-time; Confirmatory
sensors (QPCR- | markers guantitative; aligns | detects DNA from investigations
on-chip) with lab-based dead cells; power

MST workflows and reagent needs
ATP /enzymatic | Total microbial Extremely fast; Highly non-specific; | Coarse
activity sensors | metabolic activity simple poor correlation screening only

instrumentation with E. coli
Machine Predicts E. coli from Truly continuous; Indirect estimate; Beach
learning (ML) turbidity, rain, flow, no biological site-specific management
based UV, etc. reagents; low calibration; and forecasting
surrogate marginal cost regulatory
models skepticism
Portable flow Cell counts with High data richness; | Expensive; complex | Specialized
cytometry live/dead live/dead info operation; limited studies
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When embarking on a source identification program or routine monitoring program, the importance of
data management cannot be overstated. An easily corrected, but common, shortcoming of monitoring

programs is lack of systematic data management in a manner that enables future access of study data.

Data management protocols should be part of any sampling and analysis plan; however, effective data

management is often lacking in practice. Some simple considerations that help to maximize investment
in monitoring programs include:

e Systematic naming and structure of electronic files supporting the study.

= Timely review of sample results to enable identification and correction of errors or follow-up for
unusual results (including explanatory comments when unusual results are observed).

¢ Developing a standard spreadsheet or database format that all data entries will follow,
regardless of the individual conducting data entry. Usually, a database format with column
headers such as location, date, analytical parameter, result, qualifier, detection limit, and
comments is needed, along with other explanatory information. If the collected data will be
used as model inputs, then storage of the data in a format easily uploaded to a model can also
be helpful. The Colorado Data Sharing Network and CDPHE physical and chemical data format
(accessible at ) can be used as a template
and can be used in Excel or Access, or imported to a geospatial database.

e Clear identification and nomenclature for sample locations that carry through various study
types, even if different entities are conducting the studies. Changing sample location names
from year-to-year causes confusion in data analysis. Include latitude and longitude coordinates
for all sampling locations and a narrative name to accompany short location labels (e.g., site
120A is located at 120™ Avenue upstream of bridge).

e Ensure staff entering or managing data have clear direction on how to record values above or
below quantitation limits. For example, < and > values should be stored as qualifiers with the
data. A common problem with E. coli data sets is dropping the > qualifier if results exceed the
upper quantitation limit.

e Record and store field conditions along with water quality data. These anecdotal observations
can be critical components for identifying sources of FIB. In Colorado, seasonal flow regimes
related to spring runoff from snowpack, highly managed flow regimes due to reservoir releases
and irrigation diversions, and others should be documented.

e Measurements of flow and precipitation records should be stored along with water quality data.

¢ Obtain copies of electronic records with clear description of content from consultants
conducting special studies. For special research studies, be sure that researchers use the same
nomenclature for existing monitoring locations and that the GPS coordinates are provided for
special sampling locations.
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Given advances in use of municipal asset management systems and improved storm sewer system
mapping in GIS, integration of E. coli monitoring program data and metadata with other internal
geospatial systems can be a useful tool to better understand trends over time.

As one example, the City and County of Denver created an internal MS4 E. coli sampling dashboard
(Figure 13) in ArcGIS to track trends geospatially and communicate across multiple city departments.
Prior to development of the dashboard, monitoring data were not mapped geospatially, making it
difficult to spot patterns as flows move through the MS4 system or communicate findings across teams.
The current dashboard can be used to track dry-weather flow basins and their associated E. coli
concentrations. As part of this tool, multiple “layers” of information including MST results, animal
sightings, land use, inspection and cleaning dates, sanitary crossing points, and general field notes can
be accessed through one tool. Denver’s goal is to centralize monitoring data and meta data in one home
to more effectively "paint the picture" of fecal contamination within their MS4 and make more informed
decisions about source mitigation.

Although a wide range of trends can occur for E. coli, a common trend in warm-water streams along the
Front Range is elevated E. coli during the summer and/or early fall months and attainment during the
winter. Similarly, as mountain snowpack melts in the spring and increases instream flows, E. coli
concentrations tend to be lower. While these trends may or may not be true for any particular stream,
they are commonly observed in multiple streams along the Front Range. Similarly, most urban streams
will demonstrate E. coli elevated above the stream standard following summer storm events. Flow
conditions are an important variable to consider when interpreting E. coli data but are often omitted
from records associated with monitoring data. (For example, field notes may be collected but not
entered into the database or spreadsheet with the water quality data.)

When evaluating trends over time, a common mistake in evaluating whether conditions in the stream
are improving, remaining the same or declining, is failure to compare data sets that are collected under
comparable hydrologic and seasonal conditions. For example, a Front Range data set that includes six
summer sample events and two winter events is likely to show poorer E. coli annually than a data set
that includes half of samples collected in the summer and half in the winter. Unrepresentative data (or
data collected over a limited range of hydrologic conditions) can result in false “success” stories, as well
as false conclusions that a SCM/BMP has not provided benefit to the receiving water.
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Figure 13. Denver E. coli Dashboard in ArcGIS
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3 DEVELOPING A CONTROL STRATEGY

Development of a realistic control strategy to reduce E. coli involves balancing BMP effectiveness, cost,
feasibility and sustainability over the long term. This chapter provides some basic recommendations
related to the progression of controls, along with a brief discussion of how models can be used in some
circumstances to select the optimal combination of practices. Additionally, Chapters 4 and 5 discuss
Source Control Practices and Structural Control Practices that can support a control strategy. A
significant challenge for E. coli TMDLs is that many unknowns remain regarding both structural and non-
structural BMP performance. Additionally, in developed areas, feasibility of implementation will be
affected by public vs. private property ownership, space constraints, and physical constraints within
watersheds (e.g., high groundwater). Because communities have many responsibilities to their citizens
in addition to receiving water quality, cost is a practical constraint when selecting a control strategy,
particularly regarding whether practices implemented will be sustainable over the long run. When
developing a control strategy to fulfill CDPS permit requirements, it is important to include provisions
for adaptive management that account for adjustment of practices implemented, due to the practical
uncertainties currently surrounding E. coli load reductions.

Figure 14. Balance of Priorities for Selection of Controls in Watersheds

Effectiveness
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3.1 PROGRESSION OF CONTROLS

Control strategies for reducing bacteria loading at a watershed scale can be extremely costly. For this
reason, it is important to develop a control strategy that builds incrementally, following the progression
conceptually illustrated in Figure 15. The progression begins with lower cost non-structural practices,
progresses to centralized BMPs on public parcels, then to distributed practices and green streets on
public parcels, and culminates with centralized BMPs on acquired private property (or easements). Non-
structural practices are the foundation of control strategies, focusing on source controls. Concurrent to
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this strategy, MS4s are required under their permits to make sure that new development and
redevelopment disturbing one acre or more of land implement post-construction stormwater control
measures. MS4s also have an oversight role for maintenance of control measures on private
development so that private SCMs function as designed. (See discussion in Section 5 for more
information on structural control measures.)

Because elevated E. coli relative to primary contact recreation standards during wet weather flow
conditions is a relatively ubiquitous phenomenon, it is often more cost-effective for communities to
focus first on control of dry weather sources of bacteria. Dry weather sources of fecal contamination
represent a more persistent human health risk, whereas wet weather sources of bacteria tend to result
in more limited duration of exposure.

Figure 15. Conceptual Cost-Benefit Curve and Managements Levels
(Source: San Diego River Watershed Comprehensive Load Reduction Plan Phase Il [TetraTech 2013])
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During dry weather, these plans rely heavily on source control and nonstructural BMPs first, and then
structural BMPs, often as a last resort. Effective dry-weather nonstructural BMPs are those that address
sources of human fecal contamination to the MS4, as well as sources of dry-weather urban runoff that
mobilize other sources (e.g., catch basin sediments and storm drain biofilms) and contribute to
monitorable (i.e., flowing) outfall discharges. Examples of nonstructural BMPs include:

e Identification and control of sewer inputs into the MS4 (particularly where aging leaking sewer
lines run near and above storm drains and a hydraulic pathway exists for sewage to enter the
MS4 drip by drip over miles of pipe). Although the repair itself is “structural”, the solution is
source control based as opposed to SCM-treatment based.

e Enhanced commercial inspection and educational outreach (noting that food outlet dumpster
leaks, grease trap leaks, commercial catch basins, and pavement washdown have been
identified as potent sources through various source investigations).

= Water conservation programs (targeting residential over-irrigation through smart controller
distribution, free home water-use audits, and potentially fines for causing runoff to storm
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drains). As one Colorado-based example, the City of Boulder and CU Boulder installed a smart
ditch headgate on an irrigation ditch to help manage and reduce persistent dry weather flows to
the storm drain system. Flow reduction can be a strategy to reduce E. coli loads because loading
is based on both concentration and flow.

e Waste control programs for unsheltered populations (e.g., enhanced inspection/enforcement,
outreach, additional public restrooms, and programs where unsheltered community members
are paid to collect trash and waste from encampment areas).

Challenges to including these nonstructural BMP approaches in TMDL implementation plans is that
robust data to quantify anticipated effectiveness of these nonstructural practices is generally lacking.
Before and after or control-impact studies can be challenging due to multiple variables that may not be
able to be controlled in such studies.

During wet weather, implementation plans primarily rely on nonstructural BMPs that address human
and anthropogenic non-human sources of bacteria that are located throughout the urban area, because
wet weather runoff may mobilize any or all of these. These nonstructural BMPs include waste control
programs for unsheltered populations; enhanced pet waste control programs (education/outreach,
mutt mitts, and ordinance enforcement); pre-storm-season catch basin cleaning (noting that sediments,
trash, and decomposing organic matter all contribute to bacteria levels); and others. However,
nonstructural BMPs are not expected to be able to fully reduce wet-weather MS4 bacteria loads;
therefore, strategic implementation of structural SCMs are also a key component of wet-weather plans.
Few of the passive treatment SCMs alone, such as those in the USDCM Volume 3, are able to
consistently achieve effluent concentrations meeting primary contact recreation limits; therefore wet-
weather plans must recognize these risks and uncertainties and also must lean more on runoff volume
reduction strategies such as infiltration. Potential enhancements to structural SCMs are an evolving area
of research and are discussed further in Section 5.1.3.

Even when BMPs are implemented, bacteria TMDL limits, established with the endpoint of meeting
primary contact recreations standards instream, are very difficult to meet. See additional discussion in
Section 6 related to alternative standards.

For pollutants such as sediment, nutrients and metals, models are often viewed as a key planning tool
when sufficient data and resources are available. For FIB, modeling is more challenging given the
extreme variability in bacteria concentrations, variation in local sources and the fact that bacteria are
living organisms that die-off, persist or grow, depending on many factors (e.g., temperature, sunlight,
moisture). For this reason, there is increasing debate (e.g., California 2022 Bacteria Summit) about the
usefulness of FIB modeling, even in states where modeling has been previously required for reasonable
assurance analysis related to permit requirements. For example, the 2022 San Francisco Municipal
Regional Stormwater Permit (Order No. R2-2022-0018, p. 298) now clearly states the limitations of
modeling for FIB:

It is not possible to model sources and loading of bacteria in MS4s using watershed
pollutant loading models due to the episodic and variable nature of bacteria sources.
Some quantitative analysis of loading may be possible through monitoring; however,
since bacteria discharge volumes are highly variable both spatially and temporally and
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difficult to measure, the analysis would inevitably involve a great deal of uncertainty and
be unreliable for purposes of quantifying loads from drainage areas. However, mapping
of potential sources areas and targeting control efforts can be tracked and analyzed using
geographic information systems.

Nonetheless, there may be situations where modeling is needed to fulfill an objective such as EPA Nine
Element Watershed Plans.

Models can be valuable for simulating alternative practices, spatial relationships, various conditions, and
future scenarios. For confidence in decision making using models, ideally both monitoring and modeling
will be utilized since neither provides all the information needed for decision-making (Harmel 2016a).
When considering use of a model to support BMP planning, it is helpful to ask basic questions regarding
the model objectives, keeping in mind that the purpose of a model is to help answer: “What is the best
way to solve this water quality problem?” As noted by Harmel (2016a), models can help to answer this
question, by providing a framework for questions such as:

e What are the important contributors to this problem?

¢ What are the best practices to implement?

e Where are the best locations to install these practices?

¢ How can practice effectiveness be evaluated (post-implementation)?

Water quality models are used by MS4 managers and regulators for a variety of purposes, such as for
TMDL development and implementation planning. For TMDL development, watershed models and/or
load duration curve calculations are used for development of WLAs and LAs for assignment to
responsible dischargers. For implementation planning, watershed models are used for systematic
siting/placement, selection, and prioritization of management actions to meet TMDL or other MS4
permit requirements, and/or to quantify expected water quality performance (e.g., bacteria load
reduction) to demonstrate compliance with a TMDL WLA or other WQS (often referred to as
“reasonable assurance analysis”), as well as to quantify costs and other benefits (e.g., water supply
capture, urban greening area added, illness rate reduction, etc.).

For implementation planning purposes, which is the focus of this Toolbox, numerous public domain
models are available and have been successfully used across the country to support management action
selection and prioritization throughout bacteria TMDL-regulated watersheds. Model selection for any
given application should be based on functionality needs (selecting a model that is only as complex as
necessary), scale of the proposed application, and available data. Table 13 provides a comparison of
some of the strengths and limitations of some common models that may be used for FIB. For recent
modeling reviews by others focused on FIB, see:

e (California Stormwater Quality Association (CASQA) provides an online database of loading tools
that has been reviewed for FIB, accessible at:

e Minneapolis Stormwater Pathogen Toolbox provides a tabular summary of models with
applications for pathogens (City of Minneapolis 2022; see
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)

In addition to these models, various states and programs also have simpler FIB calculators in Excel

workbooks that can be used for estimating load reductions.

Table 13. Brief Comparison of Model Limitations for Several Watershed and Loading Models

Model Scale & Bacteria Process Best Application / Limitations /
Hydrology Representation Strengths Constraints
Representation
Continuous Die-off, limited Strong continuous Complex setup;
HSPE simulation; mixed | regrowth; hydrology; widely older routines;
land uses; watershed used in TMDLs extensive inputs
(EPA / USGS) .
watershed—basin | fate/transport
scale
Event + Buildup/washoff | Ideal for MS4 Simplified fate;
continuous; + simple die-off; systems; outfall- limited watershed
SWMM . L .
(EPA) detailed urban limited in-stream | level loading; IDDE scale
drainage fate support
networks
Large watershed; | Manure sources, | Excellent for Coarse timestep;
daily timestep; soil transport, rural/agricultural limited urban
SWAT . .
strong stream fate watersheds; strong | drainage detail
(USDA-ARS) .
agricultural TMDL use
processes
Urban source Empirical Easy; planning level | Not watershed-
WinSLAMM Ic'>ad|r'1g.; bacterlaT sources polluta.nt load scale; limited fate
(PV & simplified (pets, birds, reductions; strong processes
Associates) hydrology; wildlife) BMP/SCM
subcatchment evaluation; MS4
scale planning

Consideration should always be given to model calibration needs (water quality monitoring data will be
needed to support this—both receiving water and land-use based data), and steps should be taken to
perform uncertainty and sensitivity analysis (to understand the limitations of a model’s accurate
predictive capability). Although most watershed models are capable of modeling structural BMP
implementation scenarios, non-structural BMP modeling capabilities are more limited but evolving. Even
when robust land-use-based FIB data are available for use in models, FIB concentrations may not be
statistically significantly different among land uses. For this reason, many Southern California
Reasonable Assurance Analysis (RAA) modeling efforts have moved away from FIB modeling and shifted
toward using stormwater volume as a surrogate instead. However, there has also been recognition that
volume-reduction strategies at the watershed scale for FIB reduction exceed funding availability.

In another example, WinSLAMM was developed to evaluate stormwater runoff volume and pollutant
loadings in urban areas using small storm hydrology. The model determines the runoff based on local
rain records and calculates runoff volumes and pollutant loadings from each individual source area
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within each land use category for each rain. The model then evaluates various stormwater control
practices (BMPs) and determines how effectively these practices remove runoff volume and pollutants,
also providing cost estimates ( ). An example of a
WinSLAMM application in the context of a bacteria TMDL can be found in the Antelope Creek
Watershed Basin Management Plan for Lincoln, Nebraska
(

).

Understanding the limits of modeling technology and properly accounting for model uncertainty are
fundamental to developing a model useful for management decisions (UWRRC 2014, Harmel et al.
2016b, among others). Harmel et al. (2010) provide a concise synopsis of the issues affecting uncertainty
for bacteria modeling:

..there remains a large degree of uncertainty in simulating E. coli fate and transport,
which is due to several factors. First, relatively few E. coli data sets are available for model
calibration and validation. Data collected from watersheds of varying scales and land uses
with different management practices are especially rare, which severely limits the ability
of models to predict E. coli fate and transport from various sources in response to
management alternatives. In addition, the uncertainty in measured E. coli data also
contributes to the uncertainty in bacterial modeling (Harmel et al. 2006, McCarthy et al.
2008). Second, large variations in reported values for E. coli persistence in the
environment result largely from a lack of understanding of the fundamental processes
controlling fate and transport mechanisms. For example, it is unclear what proportion of
E. coli cells are transported via surface flow as single cells as opposed to attached to soil
particles (Muirhead et al. 2006a&b; Oliver et al. 2007; Mankin et al. 2007; Soupir et al.
2008a, 2010). Similarly, E. coli survival kinetics in different environments (Wang et al.
2004; Soupir et al. 2008b), the resuspension of streambed sediment and associated E. coli
(Rehmann and Soupir 2009), and the potential for establishment of naturalized
populations in soils or sediments (Ishii et al. 2006, Jamieson et al. 2004) are not well
understood. Despite numerous laboratory and small-scale studies investigating many of
these factors, there is a need for additional studies that compare E. coli fate and transport
at multiple watershed scales.

...increased attention should be given to the basic science of FIB in the environment. Only
with a sound scientific understanding of fundamental processes can the substantial
uncertainty associated with bacterial transport assessment and modeling be reduced.
Only then can effective and efficient management and regulation of bacterial
contamination become a reality.

Ultimately, models are only as useful as the data available to support them (“garbage in equals
garbage out”) and the knowledge of the user. Models need measured data to give stakeholders
confidence in predictions, and a sophisticated, well-calibrated model is typically a substantial and
expensive undertaking. Some watershed models can support BMP selection and prioritization,
and when combined with cost information, can provide an objective basis for developing a plan
of action that maximizes cost-effectiveness of the proposed compliance strategy and minimizes
long-term cost to comply with TMDLs. Model outputs should include estimates of uncertainty and
should be treated as a planning resource, subject to change as more is learned in a particular
watershed as well as practical limitations related to funding, existing infrastructure, and land
ownership.

June 2026 Colorado E. coli Toolbox 70


http://www.winslamm.com/winslamm_overview.html
https://www.lincoln.ne.gov/City/Departments/LTU/Utilities/Watershed-Management/Studies/Comprehensive-Watershed-Master-Plan/Archive/Antelope-Creek
https://www.lincoln.ne.gov/City/Departments/LTU/Utilities/Watershed-Management/Studies/Comprehensive-Watershed-Master-Plan/Archive/Antelope-Creek

Source controls of FIB are the first strategies that
should be pursued when impairments are
identified. Examples of these strategies are
summarized in Table 14 with additional discussion
of several of these practices provided in the
remainder of this section.

In Colorado, pollutant source control guidance is
relatively well developed by entities such as
MHEFD, the Colorado Stormwater Council, the
Colorado Stormwater Center, and various local
governments. Many source controls may already
be part of minimum control measures being
implemented by MS4s (Public Education and
Outreach, Public Involvement/Participation, lllicit
Discharge Detection and Elimination, Construction
Site Stormwater Runoff Control, Post-Construction
Management, and Pollution Prevention/Good
Housekeeping).

For cases where human sources of FIB are present,
controlling and correcting the source of
contamination is a basic first step for protecting
human health. Once these sources are corrected,
diffuse non-human sources typically remain and
can be challenging to control. Nonetheless, tools
such as pet waste ordinances, bird controls, other
urban wildlife controls, and storm drain system
maintenance activities should be considered by
local governments working to reduce FIB,
depending on the sources of elevated FIB in the
particular watershed. Limited data are available to
evaluate the effectiveness of source controls
guantitatively. Effectiveness of source controls on
reducing instream FIB is dependent on the
dominant sources of FIB in a watershed and the
consistency with which source controls are
implemented.
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Resources/Websites Providing Source
Control Fact Sheets

MHFD, Urban Storm Drainage Criteria
Manual, Volume 3 for fact sheets related to
source controls and structural BMP design
and maintenance:
https://www.mhfd.org/criteria-manual

Colorado Stormwater Center for training
regarding BMP inspection and maintenance
and other stormwater infrastructure related
training:
http://stormwatercenter.colostate.edu/

Splash: https://www.splashco.org/
CLEAR: https://www.douglas.co.us/clear/

Colorado Stormwater Council for Standard
Operating Procedures (SOPs) for municipal
operations and other BMPs:
https://www.colorado-stormwater-
council.org (access to some materials
restricted to council members)

Center for Watershed Protection for illicit
discharge detection and elimination
guidance and other fact sheets:
http://www.cwp.org/

California Stormwater Quality Association:
https://www.casqa.org/resources/water-
quality-priorities/bacteria

U.S. EPA:
https://www.epa.gov/npdes/national-menu-
best-management-practices-bmps-
stormwater

Green Industries of Colorado (GreenCO) for
landscape and water conservation BMPs:
http://www.greenco.org/current-bmps.html
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Table 14. Sources and Strategies for Bacteria Reduction

Bacteria Source

Stormwater Control/Management Strategy

lllicit Connections to
MS4s

Implement an illicit discharge detection and elimination (IDDE) program to
identify and remove illicit connections.

Leaking Sanitary Sewer
Lines/Aging Sanitary
Infrastructure

Conduct investigations to identify leaking sanitary sewer line sources and
implement repair.

Coordinate with utilities related to repairs in Capital Improvement Planning
(CIP) programs.

Onsite Septic Systems
and Package Plants

Implement a program to identify potentially failing septic systems.
Request CDPHE support for compliance assistance for small package plants.

Illegal Dumping

Implement a reporting hotline for illegal dumping and educate the
public/industries that dumping to the storm drain system is illegal.

Dry Weather Urban
Flows (irrigation, car
washing, power
washing, etc.)

Implement public education programs to reduce dry weather flows from
storm drains related to lawn/park irrigation practices, car washing, power
washing and other non-stormwater flows.

Provide irrigation controller rebates.

Implement and enforce ordinances related to outdoor water waste and/or
collaborate with water utilities to promote turf transformations, water-
wise landscapes and irrigation practices.

Inspect commercial trash areas, grease traps, washdown practices, along
with enforcement of ordinances.

Domestic Pets (dogs and
cats)

Provide signage to pick up dog waste, providing pet waste bags and
disposal containers.

Adopt and enforce pet waste ordinances.

Place dog parks away from environmentally sensitive areas.

Protect riparian buffers and provide unmanicured vegetative buffers along
streams to dissuade stream access.

Wildlife in Urban Areas
(e.g., rats, bats,
raccoons, beavers, deer,
coyotes, foxes)

Reduce food sources accessible to urban wildlife (e.g., manage restaurant
dumpsters/grease traps, residential garbage, feed pets indoors).
Implement and enforce urban trash management practices.

Consult with state wildlife offices (CPW) on strategies to reduce food,
shelter and habitat for overpopulated urban wildlife.

Storm Drain
Infrastructure & SCMs

Proper maintenance of the storm drain system and water quality BMPs is
needed for proper functioning of the system. For example, sediment,
organic deposits and biofilms in stormwater facilities can harbor FIB.

Storm Runoff from
Urban Areas

Encourage site designs that minimize directly connected impervious areas
(e.g., Green Infrastructure, Low Impact Development).

Birds
(e.g., Canada geese,
pigeons, ducks)

Identify areas with high bird populations and evaluate deterrents,
population controls, habitat modifications and other measures that may
reduce bird-associated FIB loading.

Unsheltered Populations

Periodic cleanup of encampments near streams.

Partnering with non-governmental organizations to provide shelter and
support of city shelters and services.

Providing public restrooms.

Enforcement of camping bans, particularly in riparian areas.

Fencing to prevent access to frequently used encampments.
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Education and outreach to citizens and businesses is a general
overarching source control practice that is needed for other types of
source controls to be effective. Education and outreach activities may
include signs, brochures, posters, websites, event attendance, utility
bill inserts, television advertisements, articles in homeowner
association newsletters and other approaches that effectively reach
citizens and promote behavioral changes. There may be opportunities
for stormwater managers to work in a cross-disciplinary manner with
other city utilities to maximize public education dollars. For example,

campaigns to reduce water waste by reducing over-irrigation help “Live Like You Love It” logo for
communities meet both conservation and water quality objectives. branded water campaign.
Similarly, drinking water departments often focus on source water ( )

protection strategies, but due to departmental “silos”, opportunities for integrating stormwater and
drinking water program objectives may not be fully maximized. As more communities pursue “One
Water” and Integrated Planning approaches, E. coli load reduction may benefit from more coordinated
efforts.

An example statewide campaign that integrates water conservation and water quality practices (both of
which benefit E. coli load reductions) is the “Live Like You Love It” campaign. An important aspect of
effectively communicating with the public involves the use of engaging materials, as well as proper facts.
This campaign includes graphically designed materials and a toolkit to support outreach efforts.

Nationally, local governments and regulatory agencies are increasingly recognizing that aging
infrastructure is contributing to contamination of MS4 discharges, as evidenced by findings from
microbial source tracking studies, IDDE programs and consent decrees with EPA. (For an example

consent decree, see .) In 2025, the
American Society of Civil Engineers (ASCE) gave the nation a “D+” for wastewater infrastructure on its
“Report Card for America’s Infrastructure” (ASCE 2025: ). Stormwater

infrastructure earned a “D.” Both scores emphasize major challenges for maintaining aging
infrastructure (ASCE 2025). The report stated that, over the last decade, the sector’s renewal and
replacement rate for large capital projects decreased from 3% to 2% while the average number of
collection system failures for combined water utilities increased from 2 to 3.3 per 100 miles of pipe.
According to ASCE, in 2024 the wastewater and stormwater annual capital needs were $99 billion,
whereas the funding gap was $69 billion, meaning only about 30% of the sector’s infrastructure capital
needs are being met (Cossin 2025). Funding for these projects affects utility ratepayers and often results
in utilities needing to pursue bonds or state revolving loan funding to catch up on infrastructure
maintenance backlogs.

Consistent with ASCE’s findings, aging sanitary pipes can be a significant source of FIB loading in urban
areas (Sercu et al. 2011, Corsi 2014, Sauer et al. 2011). Many communities have implemented Asset
Management Programs that provide a systematic strategy to manage, maintain and operate
infrastructure. The EPA’s Capacity, Management, Operation, and Maintenance (CMOM) (EPA 2005) is
probably the most well-known asset management program. Asset management programs provide a
framework for self-evaluation and planning for the function, condition, and performance of a sanitary
sewer system (TCEQ 2013). Municipalities often follow standardized underground infrastructure
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evaluation and assessment methods developed by NASSCO including the Pipeline Assessment
Certification Program (PACP), Lateral Assessment Certification Program (LACP), and Manhole
Assessment Certification Program (MACP) (NASSCO 2025). Examples of sanitary infrastructure defects
that can affect E. coli in MS4 discharges are summarized in Table 15.

Table 15. Types of Sanitary Infrastructure Defects Potentially Affecting E. coli in MS4s

Category Example Defects Why It Matters for E. coli
Infiltration / Active leaks, joint Enables sewage release to soil or storm
Exfiltration separation system

Sanitary-to-storm

Cross Connections .
connections

Direct conveyance of sewage to outfalls

Chronic leakage, especially under

Structural Failure Cracks, fractured pipe
surcharge
Manhole Defects Open chimneys, pick Surface inflow or overflow during wet
holes weather

Common, often undocumented sewage
sources

Lateral Defects Broken laterals

Aging and leaking sanitary sewer and stormwater conveyance pipes can introduce pollutants to the MS4
through SSOs caused by blockages, line breaks, or other sewer defects; exfiltration of sewage from
sanitary sewers; and infiltration of groundwater when the MS4 lies below the water table (Sercu et al.
2011). Upgrading, repairing, or slip-lining faulty sanitary sewer pipes will reduce pollutant loads by
eliminating the leaks in those pipes. Additionally, upgrading or repairing storm pipes can minimize the
infiltration of contaminated groundwater into the MS4 (Geosyntec 2012). The cost of a proactive pipe-
lining program is much more manageable than replacing failed pipes. For example, the City and County
of Broomfield estimates that their Cure in Place Pipe (CIPP) lining program costs ~$140/linear foot,
whereas full dig-and-replacement pipe costs >$800/linear foot, with some variation by pipe size
(Broomfield 2025).

Measures to reduce SSOs include field inspections and using CCTV to inspect sewer lines, which can
reveal blockages from debris to roots to grease and show pipeline cracks, breaks, or deterioration. Once
such issues are identified, they can be integrated into planning efforts to maintain, rehabilitate or
replace aging sanitary infrastructure.
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Accelerated repair or upgrade of sanitary sewer and storm
drain systems can be a key measure to reduce human sources
of FIB. The location and design of upgrades can be optimized to
decrease pollutant loads using information gathered in IDDE
programs, GIS analysis of high-risk sewers, and/or special
source tracking studies. Strategically planning upgrades to
older, clay sanitary sewer laterals that cross or run next to and
above storm drains is cost-effective and offers multiple
benefits, including benefits to water quality and reduced
operations and maintenance costs from newer infrastructure
(Geosyntec 2012). For example, a key component of the City
and County of Denver’s E. coli load reduction plan has included
investigating and lining sanitary sewers in need of repair,
prioritizing locations where sanitary sewers cross above storm
drains or where sanitary sewers are parallel in close proximity.

Where available, storm and sanitary sewer inspections using
NASSCO inspection ratings can be integrated into E. coli source
investigations by using standardized defect information to Sanitary sewer overflow. (Photo Courtesy
confirm whether physical pathways exist for fecal Brandon Steets.)

contamination identified through sampling. Elevated E. coli or human MST results are first used to target
specific drainage areas, after which inspections identify structural failures, cross connections, or
infiltration/exfiltration that plausibly explain observed bacteria. This multiple lines of evidence approach
improves prioritization of corrective actions, supports defensible regulatory decisions, and links
infrastructure condition directly to public health outcomes.

If sanitary infrastructure sources are identified, they must be corrected because they represent a direct
source of raw sewage discharged to receiving waters. Enhancements to basic IDDE programs may
include a tiered dry weather source investigation including: (1) visual surveys of MS4s to identify dry
weather flow locations, (2) GIS-based prioritization where aging sewer laterals are above and near storm
drains that are observed to occasionally flow during dry weather, (3) video survey of the storm drains to
identify leaks from the top of the pipe and/or sewer dye tracing studies, (4) field test kits for ammonia,
surfactants and residual chlorine in dry weather MS4 flows as an initial low-cost screening tool, and (4)
fecal source tracking studies that use microbial source tracking or other methods (Geosyntec 2012, CWP
and Pitt 2004).
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City of Fort Collins Infrastructure Repair Case Study

The Cache la Poudre River through Fort Collins and urban creeks such as Spring Creek, Fossil Creek
and Boxelder Creek are identified as impaired for E. coli and a TMDL is in progress for these stream
segments as of 2026. Although the city’s voluntary long-term instream monitoring program was
useful to identify areas with elevated E. coli concentrations, additional study was needed to identify
potential sources.

In 2019, the city embarked on an extensive voluntary dry weather sampling program of its
previously mapped storm sewer outfalls. The city’s well developed GIS that enabled integrated
access to the stormwater system, wastewater system, and outfall system mapping was foundational
for the source investigation. The sampling program included both traditional fecal indicator bacteria
(E. coli) and advanced microbial source tracking techniques for human DNA markers (HF183) and
other animal markers in some locations. Based on dry weather sampling results, the city’s
wastewater utilities department provided access to CCTV for review as part of the study to assess
whether illicit sanitary connection or leaks into the storm sewer were present. Through a series of
sampling over a two-year period, the study team was able to identify a few “hot spots” where aging
infrastructure was suspected as a potential source of E. coli based on an action threshold of HF183
exceeding 1,000 copies/100 mL. Additionally, pipes with low (or no) HF183 that also had
documented animal sources such as raccoons (based on game cameras and fecal latrines) were
deprioritized to enable focus on sources expected to pose more significant human health risk.

Through strong internal communication between the stormwater and wastewater utilities groups in
the city, the city’s Small Capital Improvements group was able to prioritize repair and/or
replacement of sanitary sewer mains in areas where sanitary sewer leaks were suspected. The city
plans to conduct follow-up monitoring to assess how the sanitary improvements may have affected
E. coli concentrations in outfalls. A key lesson learned from the City of Fort Collins study was the
importance of multiple city departments funded through different budgets being willing to work
together proactively to adjust CIP priorities to address potential aging infrastructure sources. The
City of Fort Collins has since reorganized its water, wastewater, and stormwater utilities into a One
Water utility, which will further facilitate a collaborative approach on complex water quality issues
in the future.

Although municipal maintenance activities do not address the original source of FIB loading, a variety of
maintenance activities may support FIB load reduction.’® Unfortunately, quantitative data and
evaluation of the benefits of these practices is generally lacking. Practices that may be considered
include:

= Storm Drain Cleaning: Storm drains can accumulate trash, sediment, organic matter and animal
waste over time. As a result, they can become secondary reservoirs of FIB and other pollutants.
Cyclical storm drain cleaning using water jetting and vacuuming jetted water is one tool that some
communities have implemented as a source control BMP. Storm drain cleaning is typically done on

13 Recommendations are based on discussion in the San Diego Comprehensive Load Reduction Plan, Attachment E
Non-structural BMPs (Geosyntec Consultants 2012).
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a several year cycle to maintain the conveyance function of pipes and can be done more
frequently in “priority basins” where elevated FIB at storm drains is identified. Sampling results
may be used to help target areas in need of more frequent cleaning such as siphon conditions.
WWE and City of Boulder (2025) completed a literature review of storm drain cleaning
effectiveness in combination with a pipe cleaning effectiveness study at sites in the City of Boulder.
The city’s sampling program did not demonstrate E. coli reduction benefits at the three outfalls
sampled before and after pipe cleaning. Similarly, a national literature review did not provide a
guantitative basis demonstrating E. coli reduction benefits of pipe cleaning. It is possible that pipe
cleaning may provide benefits in specific pipe networks for limited time periods; however,
decisions related to increased cleaning frequency should be data driven on an outfall-specific
basis. Based on this updated information, storm drain cleaning is a “tool” in the toolbox that may
help to reduce E. coli in some locations; however, it is expected to provide temporary benefits. For
example, game camera studies in Boulder, University of Colorado at Boulder, and City of Fort
Collins have documented significant raccoon use of storm drain systems including “latrine
behavior” (WWE 2025). Although storm drain cleaning may flush raccoon feces from the system,
raccoon sources are likely to return to the systems as an ongoing source of E. coli. Storm drain
cleaning programs that target E. coli should be developed based on local monitoring and
knowledge of the system.

= Catchbasin Cleaning: Catchbasins and drain inlets play an important role in the prevention of trash
and other sediments from entering the storm drain system. Catchbasin cleaning is an important
institutional BMP, but the FIB load reduction benefits of increased frequency of catchbasin
cleaning have not been rigorously studied. A survey conducted as part of the San Diego River
source study found that nearly 50% of commercial catchbasins had moderate buildup and over
30% had ponded water. Signs of washdown and food scraps were frequently associated with
catchbasins near restaurants (Weston 2009a). Studies to evaluate the potential benefits of
catchbasin cleaning did not show significant reductions in FIB (Weston 2009b). However, in a study
conducted in the Telecote Creek watershed in San Diego, commercial catchbasins had significantly
higher FIB than residential catchbasins (Weston 2010b); thus, if catchbasin cleaning is being
considered as a BMP for E. coli, it may be more beneficial to focus on commercial areas first. A
recent literature review conducted by WWE and the City of Boulder (2025) found that national
literature with quantitative performance data for FIB related to catchbasin cleaning was generally
lacking, although some studies quantified total solids removal from cleaning practices.

Biofilms and FIB

In 2025, WWE conducted a literature review regarding biofilms on storm pipe surfaces. Biofilms are
diverse communities of microorganisms that attach to surfaces, and there is evidence that
stormwater flows can cause shedding of bacteria comprising these biofilms (MPCA 2023; NAS 2014;
Roberts 2012; Skinner et al. 2010). Among other microorganisms and bacteria, E. coli are able to
multiply and survive in biofilms (Skinner et al. 2010). While storm pipe cleaning may temporarily
reduce biofilms, biofilms regrow rapidly and according to Roberts (2012) achieved complete
regrowth within approximately two months of shedding. Additional findings included that biofilms
are predominantly composed of environmental (i.e., non-fecal) strains of bacteria within a month of
shedding during wet weather flows (Roberts 2012). The rapid regrowth of biofilms and the transition
from fecal to environmental strains of bacteria suggest that pipe cleaning has low potential to
reduce E. coli concentrations in stormwater runoff because of the rapid rate of regrowth of these
biofilms, regardless of whether they have been temporarily reduced from pipe cleaning (WWE and
City of Boulder 2025).
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e Street Sweeping: Streets are part of the stormwater conveyance system in urban areas; therefore,
street sweeping is also considered an MS4 maintenance practice. Street sweeping removes
sediment, debris, and other pollutants from road and parking lot surfaces. The major factors that
impact the effectiveness of a street sweeping program in reducing pollutant loads are frequency
and timing of cleaning and the type of street cleaning equipment used. Effectiveness is also
dependent on the speed the sweeper travels, the amount of sediment on the street, and how
much of the street is swept (e.g., whether parked cars prevent sweepers from accessing the curb).
High-efficiency street sweeping equipment, such as regenerative air sweepers or vacuum assisted
sweepers can significantly increase the amount of sediment removed from roadways. Additionally,
regenerative air and vacuum sweepers were designed specifically to better capture fine particles.
Bacteria, as well as metals and other pollutants, adsorbed to sediments are typically associated
with smaller sized particles due to a larger surface-to-volume ratio and greater adsorption
properties of clay particles (Xanthopoulos and Hahn 1990, Krumgalz et al. 1992). Although
measured reductions in discharges of pollutants and FIB to receiving waters due to street cleaning
have rarely been observed, street cleaning is an important public works activity to minimize
sediment accumulation in drainage systems. MHFD is in the process of completing a street
sweeping study for the Front Range area; however, this study is focusing more on nutrients and
sediment, including particle size distribution of collected materials (WWE and MHFD 2025).

e  Structural Stormwater BMP Maintenance: Maintenance of structural stormwater quality BMPs
can also help to remove secondary reservoirs of FIB in urban areas. Routine sediment removal
from dry extended detention basins and manufactured devices can reduce the likelihood of
sediment resuspension and FIB release during storm events. Additionally, routine maintenance
ensures that filtration and infiltration practices function as designed (MHFD 2025).

Roof runoff collected in downspouts that are directed to the storm drain system can be disconnected to
reduce runoff volumes and potentially E. coli loading from rooftops. Shergill and Pitt (2004) found that
roofs with birds and squirrels in overhead tree canopy had higher FIB than those without animal activity.
Simply disconnecting roof downspouts can help to redirect runoff to pervious areas, thereby potentially
reducing both runoff volumes and FIB loads. Implementation options include redirecting downspouts to
lawns, gardens or swales. Downspout retrofits can be an effective stormwater control for commercial,
industrial, and public buildings as well.

In addition to downspout retrofits, new developments or redevelopments can be designed to integrate
multiple measures that reduce effective impervious area by disconnecting impervious surfaces and that
utilize receiving pervious areas for runoff reduction. These Low Impact Development (Green
Infrastructure) site designs can integrate non-structural practices, as well as structural stormwater
controls such as bioretention, permeable pavement and other practices (see MHFD’s USDCM Volume 3
and Denver’s Ultra-Urban Green Infrastructure Guidelines). Reducing runoff peaks and volumes during
frequently occurring storm events may help to reduce FIB loading, as well as reduce other pollutant
loading.
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4.5 PEeT WASTE DISPOSAL AND PET CONTROL ORDINANCES

The density of pets in urban areas can be quite high;
therefore, proper disposal of pet waste is a basic
component of FIB control plans in urban areas. Elements of
pet control programs may include:

June 2026

Providing park and trail signs regarding pet waste
disposal requirements and leash laws.

Providing disposal cans at conveniently spaced
intervals on trails and in open space areas. Some
communities allow advertising on signs placed at
pet waste bag dispensers and disposal cans to
partially offset the cost (e.g., Poo Free Parks®).

Providing and properly maintaining off-leash dog
parks, preferably at locations that do not directly
drain to receiving waters. Improperly maintained
dog parks can become a source of FIB.

Allowing natural riparian buffers to grow alongside
streams to dissuade pet access.

Providing educational materials regarding the
impact of improper pet waste disposal. These
materials can be made available in locations such as
pet stores, animal shelters, veterinary offices, and
other sites frequented by pet owners.

Enforcing pet waste ordinances and leash laws (or
developing them, if they do not exist). While most
communities have pet waste ordinances “on the
books”, enforcement of these ordinances may not
routinely occur in many communities. In areas with
significantly elevated FIB, allocation of resources to
park and open space rangers to enforce pet waste
disposal controls and leash laws may be needed.

Doggy Daycare Outreach Case Study

City and County of Denver solicited doggy
daycares for the opportunity to display
infographics and receive pet waste bags
to distribute. Near half of the facilities
contacted agreed to participate.
Additional efforts are planned to
showcase that branded dog waste bags
can be a way for facilities to market
business and provide “distribution”
baskets with infographic information.

PICK UP LITTER
8 AFTER YOUR cRITTER
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Pet waste infographic signage explaining the link between picking up pet waste and water
quality in an area frequented by pet owners in Denver. Infographics are targeted to parks and
areas around dog friendly hotels. (Photo: Brad Cox.)

THINK PICKING UP
DOG POOP IS
UNPLEASANT?
TRY DRINKING IT.

Pet waste washes into our streams.

Hweanas e

Pet waste messaging in Boulder County Pet waste cans and signage at a Denver-
by the Keep It Clean Partnership. area park. (Photo Courtesy Jane Clary.)
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Effectiveness of pet waste control programs is limited in terms of instream responses to implementation
of such programs, in part because pet waste programs may be implemented in combination with other
practices. Several surveys and reports exist that attempt to quantify behavioral change associated with
such programs. For example, the Phase | Report for the San Diego River Kelp and Dog Waste
Management Plan for Dog Beach and Ocean Beach found that public compliance with the “scoop the
poop” policy was highly dependent on awareness of the policy and availability of waste disposal bags
and trash cans (Weston 2004). Public surveys in the City of Austin indicated their educational campaign
resulted in a nearly 10% improvement in the number of pet owners who claim to regularly pick up waste
(City of Austin 2008). Studies in San Diego have shown that installation of pet waste stations has
resulted in a nearly 40% reduction in the total amount of pet waste in city parks (City of San Diego
2011). Hillsborough County / University of South Florida conducted a Pet Waste Research & Social
Marketing Study during 2008-2011. The targeted education and social-marketing, pickup compliance
tracking, and monitoring in pilot areas suggested a ~30-50% fecal coliform reduction reported for pilot
areas (dry-weather focus) (Hillsborough County & USF 2011).

Dog Parks and Detention Basins

Local governments are often asked about
multipurpose use of extended detention or
flood detention facilities for dog parks.
Local ordinance may have specific
requirements, but general guidance is
provided below for protection of water
quality:

In Colorado, a common question from MS4s relates to
dog park control measures. In general, dog park
control measures are similar to those described
above; however, pet waste pickup may be more
challenging to enforce in large off-leash areas. A
recent USGS study (McKee and Couch 2024)
conducted in the Atlanta metro area showed a
positive correlation between E. coli levels and the Strongly discouraged practice:
number of dog parks in drainage basins. The study
also showed a negative correlation with distance to
the nearest dog park in a drainage basin, with sites
with at least one dog park in close proximity having e Areas subject to routine ponding or
higher summer E. coli concentrations than those wetting

further away.

e Dog parks located within extended
detention basin bottoms

e Direct drainage from dog areas to
General recommendations for dog parks include: outfalls

Conditionally acceptable practice:
e Avoiding direct drainage from dog parks

into receiving waters and detention basins.
e Preventing routine inundation of dog use e Full runoff separation

Dog parks adjacent to basins with:

areas. o Infiltration or filtration treatment
e Requiring enhanced pet waste controls

) . e Intensive pet waste management
where dog parks drain to receiving waters.

Preferred practice:

e Dog parks located outside
stormwater facilities

A variety of animal-related facilities may be located in

urban areas. Examples include “Doggy Daycares,”

veterinary clinics that board pets, small horse

properties, and zoos (including petting zoos). The

e Drainage routed to infiltration
BMPs or landscaped
buffers/receiving pervious areas
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primary BMPs for these facilities include dry shoveling and disposal of solid waste and washdown
practices that direct washwater to the sanitary sewer system. Particularly for older facilities, it may be
worthwhile to confirm that floor drains and washdown areas are not being directed to the storm drain.

For hobby farms or ranchettes along streams, fencing, stream setbacks and drainage management from
pens and barns are also important. CDPHE ( ) recommends
these practices:

Divert clean runoff away from animal confinement areas, manure stockpiles and wastewater control
facilities.

e Construct ditches, terraces or berms to channel clean water away from pens, manure storage,
and wastewater control facilities.

e |Install gutters and downspouts to divert clean roof drainage.
e Build roofs over animal confinement areas where practical.
Reduce wastewater discharges to surface water.
e Collect and allow wastewater to evaporate.
e Collect and evenly apply wastewater to land application sites at agronomic rates.

e Locate wastewater storage away from stormwater runoff, streams, ditches or other channels
that can carry waste to surface water.

Minimize manure transport to surface water.
e Locate stockpiles away from surface water and floodplains.
e Maintain adequate manure storage.
o Collect manure from pens frequently.
o Apply manure to land application sites at an agronomic rate.
Protect groundwater.
e Maintain a buffer area around water wells when applying manure or wastewater to fields.

® Locate manure and wastewater facilities downhill and at least 150 feet away from all water
supply wells.

e Install liners in wastewater impoundments to reduce seepage if a significant risk of
groundwater contamination exists.
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4.8 BIRD CONTROL

Birds are a common source of FIB in urban areas in
Colorado. In particular, geese are considered a
public nuisance due to large populations, creating
large amounts of feces, especially in open-space
areas (e.g., parks, playing fields, ponds) (Manny et
al. 1975, French and Parkhurst 2009, Bowen and
Valiela 2004, Kear 1963). Clark (2003) reported that
non-migratory Canada geese increased eight-fold in
a 20-year period (1980s to early 2000s) in North
America. Pigeons, blackbirds, starlings, ducks, and
other birds also can pose similar problems when
they roost on public buildings and bridges. Birds are
documented sources of elevated FIB in many i o : -
studies. Examples include research by Alderisio and High densities of resident Canada geese are common
Deluca (1999), Stoeckel (2010), Kolb and Roberts in Front Range parks and ponds. (Photo Courtesy Jane
(2009), Kirschner et al. (2004), Shergill and Pitt Clary.)

(2004), Hussong et al. (1979), Fleming and Fraser

(2001) and many others. For this reason, a fairly detailed discussion of potential control strategies for
birds follows, since most urban areas are expected to have at least some contribution of FIB from birds.
As a local example, the City of Fort Collins conducted a microbial source tracking study on Fossil Creek in
2019, which has significant natural areas and associated bird populations. Avian DNA was present at
concentrations ranging from over 1,000 copies/100 mL to nearly 15,000 copies/100 mL (WWE and
Geosyntec 2021).

The University of Nebraska at Lincoln (2010), USDA APHIS (1994a&b, 2003), the Internet Center for
Wildlife Damage Management (www.icwdm.org) and others provide guidance on control strategies for
geese. Canada geese are protected by federal and state laws. While it is illegal to intentionally kill a wild
goose (other than during licensed hunting seasons) or to harm nesting geese and eggs without a permit,
there are several methods used to discourage geese from congregating in specific areas. Non-lethal
control activities do not require federal or state permits, and most non-lethal activities can be
conducted throughout the year, except using trained dogs for hazing. Any activities that result in
handling, damage, or destruction of geese, their eggs or nests require permits (CPW 2014).

Effective geese control often requires early detection of the problem, persistence, and use of multiple
methods (CPW 2014). Both the City and County of Denver and CU-Boulder have reported some success
with use of a mechanical “Goosinator” deterrent. In the case of campus settings where manicured lawns
and sidewalks are present, CU-Boulder has observed a decrease in goose droppings on sidewalks, which
has the added benefit of decreasing fecal matter tracked inside of buildings on shoes and wheelchairs
(Personal Communication with Mark Lapham, CU-Boulder). Additional monitoring would be needed to
determine whether the use of the Goosinator on campus has translated into reductions in E. coli at
stormwater outfalls. Table 16 summarizes measures that have been used for geese control, followed by
additional discussion of several of these measures. Overall, USDA APHIS (2009) recommends that the
most efficient and effective way to manage resident geese is to harass them before nests are built. If
this is not possible, nest destruction and egg oiling are the best options. Successful geese control can be
elusive though, as noted by a USDA study for Denver Parks (USDA, 2019) which found that hazing and
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egg oiling/addling programs are costly, have temporary impacts, and the dispersed geese remain within

two miles of the original locations (Holevinski et al., 2006; Preusser et al., 2008; Seamens et al., 2009).

Table 16. Summary of Selected Waterfowl Management Techniques
(Adapted from Smith et al. 1999, Smith 2006, NYCDEP 2004, as summarized in UWRRC 2014)

Technique

Public Education

Discontinuance of feeding

Habitat Modification

Porcupine wires (for roosting waterfowl and pigeons)

Eliminate shorelines, islands, peninsulas (in constructed waterbodies)

String wire lines or place Mylar tape grids above roosting and pond areas

Fence barriers

Vegetative barriers (taller grasses)

Rock barriers

Floating plastic balls (may wash away during storms)

Reduce or eliminate mowing (adjacent to waterbodies)

Place walking path near water

Place playing fields away from water

Deterrence Measures (may have short-term effectiveness)

Sprinklers and motion-detected activated sprayers

Pyrotechnics

Sonic Devices: ultrasonics, distress calls, sirens, horns whistles, propane cannons

Active Visual Deterrents: strobe lights, lasers, light beams

Passive Visual Deterrents: "eye-spot" balloons or kites, flags, scarecrows, floating predator
decoys (benefits may be temporary, as waterfowl may habituate over time)

Dispersion Measures

Dogs

Swans (can also be a source of FIB)

Falcons (often impractical to maintain)

Radio-controlled aircraft or boats

Chemical Repellents (methyl anthranilate)

Reproductive Controls

Removing nesting materials (before egg laying)

Oil/addle/puncture eggs (during incubation)

Replace eggs with dummy eggs

Sterilization (oral contraception or surgical neutering)

Removal

Relocate (may not be effective)

Various lethal measures (e.g., hunts, kill permits)
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Questions remain as to the long-term benefits of various
control measures; however, several case studies suggest
that combinations of these control measures can be
successful in reducing FIB concentrations (e.g., NYCDEP
2014, Swallow 2010).

The USDA has developed control strategies for other
bird species, including pigeons (Williams and Corrigan
1994), blackbirds (Dolbeer 1994), and swallows (Salmon
and Gorenzel 2005), as a few examples. Of these birds,
pigeons are often a dominant concern in urban areas.
Measures listed as alternatives by the USDA-APHIS for
pigeons are summarized in Table 17. Some of these
measures would not be expected to be appropriate in
urban areas (e.g., shooting, certain toxicants).

Remote controlled goose hazing device,
“Goosinator,” used to deter resident waterfowl
in Denver Parks.

In summary, birds can contribute substantially to FIB loading to receiving waters, posing challenges to
attainment of numeric water quality limits for FIB. The extent of the impact of birds and the success of
control measures varies based on site-specific conditions. A variety of source control measures have
been developed by state and federal agencies to help manage the impacts of birds. These measures
typically require ongoing attention, and the effectiveness of these measures may vary over time and
require adjustments to reduce the likelihood of habituation to the technique.

Table 17. Summary of Pigeon Control Measures
(Adapted from Williams and Corrigan 1994)

Measure Type Description

Exclusion e Screen eaves, vents, windows, doors, and other openings with 1/4-inch (0.6-cm)
mesh hardware cloth.

e Change angle of roosting ledge to 45 degrees or more.

e Attach commercially available porcupine wires to roosting sites. Install electrical
shocking device/repelling systems on roost sites.

e Construct parallel or grid-wire (line) systems.

Habitat e Eliminate food supply. Discourage people from feeding pigeons in public areas.
Modification e Eliminate standing water.

Frightening e Visual and auditory frightening devices are usually not effective over time.
Repellents e Tactile: various commercially available nontoxic, sticky substances manufactured

for this purpose.
e (Odor: naphthalene flakes.

Toxicants e  Consult with local and state agencies on allowed toxicants.

Fumigants e Generally not practical.

Trapping e Several live trap designs are effective.

Shooting e  Where legal. Not a viable option in most urbanized areas.

Other Control e Alpha-chloralose (immobilizing agent used under the supervision of certified
Methods personnel only).

e Nest removal.
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4.9 URBAN WILDLIFE (MAMMALS) MANAGEMENT

Urban wildlife can be a key source of FIB loading to urban
streams. Fecal matter from wildlife can enter streams
through direct overland flow into streams as well as
become concentrated by animals living in storm drains
and stormwater facilities. Raccoons can be particularly
problematic in the storm drain system itself. Beavers can
be a direct source of instream pathogens, including
Giardia and Cryptosporidium, as well as a source of
elevated FIB instream (Wade and Ramsey 1986, AWWA
2006).

While it is likely impossible to completely control urban
wildlife, there are strategies that can be considered to
reduce FIB loading from urban wildlife, including:

o Develop a wildlife management plan, working with
city wildlife conservation staff and/or Colorado
Parks and Wildlife.

e Modify habitat and reduce urban food sources.
Raccoon problems may be alleviated by making the
habitat less favorable. Because raccoons have fairly
large territories, a neighborhood or community-
wide effort may be more successful than isolated
control measures in urban areas. Removing
potential sources of food, water, and shelter is the
first step in eliminating the problem. In areas with
raccoon activity, garbage cans should be tied down
to a solid structure so they cannot be overturned,
and lids should be tight fitting, tied or weighted
down to deny access to garbage (Pierce 2001).
Reduce food sources for urban wildlife through
better management of dumpsters, garbage cans
and restaurant waste. Additionally, pet food should
be stored indoors and pets fed inside (or at least not
left out overnight).

e Relocate wildlife by trapping. If no other control
methods are effective, the problem animals may
need to be removed from the area by trapping
(Pierce 2001). Although beavers may provide
ecosystem benefits, they can be a significant
management issue in urban areas where
maintaining channel capacity is important for
infrastructure protection. The Big Dry Creek
Watershed Association and the City of Westminster
have documented elevated E. coli in areas
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Colorado Raccoon Study

Working with the USDA National Wildlife
Research Center in Fort Collins, the City of
Fort Collins, City of Boulder and CU Boulder
installed game cameras in manholes in
selected storm drainage systems to begin
developing data to assess the potential
contributions of racoons to discharges from
MS4s. Initial findings included:

e High usage of the MS4 by raccoons

e High prevalence of raccoon
latrines/feces (estimate at 40% of
manholes in a Fort Collins network
segment

e High traffic of raccoons through the
system

e Potentially significant fecal loading
from the system originating from
raccoons.

CU Boulder and City of Boulder have found E.
coli concentrations in raccoon feces
exceeding > 241,960 MPN/100 mL.

As part of the same study, concerns about
potential cross-reactivity of raccoon and
human DNA markers were also explored with
technical assistance from EPA Office of
Research and Development and the USDA.
Cross-reactivity was found to be unlikely in
fecal samples for raccoons with controlled
diets and environments; however, some
research questions remain because HF183
was present in some wild raccoon samples
(WWE 2025).
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downstream of beaver dams. Even when beaver dams are proactively broken up, it is common for
them to continue to return to the same location or stay in the area.

= |n limited circumstances, it may be possible to install storm drain inlet/outlet controls through
grates and trash racks, but only if inlet capacity can be maintained without flooding and safety
concerns. Where raccoons are an issue in storm drains, some communities initially reduced end-
of-pipe FIB concentrations through installation of grates on storm drain inlets and outlets.
However, the City of Boulder found that even when an entire outfall network had pipe inlet and
outlet grates installed that concentrations increased to pre-control levels after time (Personal
Communication with Michael Lawlor, City of Boulder). CU Boulder initiated an evaluation of
raccoon densities in portions of the campus with grates and areas without grates utilizing game
cameras; however, results regarding impact on raccoon densities in grated versus ungrated
systems are not yet available.

If the grate approach is considered, it should only be implemented when public safety is not
jeopardized by increased flooding or danger of entrapment in a storm drain. By placing grates on
storm drain inlets, the inlet capacity is reduced, which may require fairly costly retrofitting to
maintain design capacities (HDR 2013). The effectiveness of this practice on receiving waters is not
well-documented. For example, if grates are only placed on certain drains, then raccoons may
simply relocate to other areas, which may also drain to the stream. For example, the home range
for male raccoons is 3 to 20 square miles for males, and 1 to 6 square miles for females (Clark
1994), so eliminating a home in one storm drain will likely result in displacement to another
nearby location within the home range.

e (Clean out storm drains to remove animal waste. When storm drains are power washed (“jetted”),
it is important the discharge be collected by a vacuum truck, otherwise, pollutants are simply
flushed into the receiving water. Because animals return to storm drains and continue to defecate,
the benefits of storm drain cleaning are expected to be of a limited duration. When storm drain
cleaning is used as a control strategy, it may be beneficial to prioritize pipes cleaned to those with
known animal usage in areas where outfalls discharge to actual recreational use areas (e.g.,
kayaking, tubing).

Other considerations include:

=  For raccoons, there are no chemical repellents registered for controlling or repelling raccoons,
although a variety of materials have been tested. Similarly, the use of scare tactics or devices is
not effective or practical in controlling raccoons, particularly in urban areas.

e When managing urban wildlife, it is important to recognize that states retain primary authority
over resident wildlife. When considering possible manipulation of an urban wildlife species, it is
important to be aware of the legality of such actions. When in doubt, always contact a wildlife
resource agency for consultation (University of lllinois Extension 2014).

Due to uncertainty associated with the effectiveness of these practices on receiving waters, it is
important to conduct baseline and follow-up monitoring to assess their effectiveness.
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Raccoons inhabiting storm drain system (a) and retrofitted storm drain inlet (b).
(Photos courtesy of City of Boulder, Colorado)

4.10 IRRIGATION, CAR WASHING AND POWER WASHING 4

Over-irrigation, car washing and power washing discharges can mobilize FIB deposited on impervious
surfaces, as well as contribute to continually moist conditions in storm drain systems conducive to
biofilms. Public education regarding the water quality impacts of these practices is important for
changing public behavior.

Irrigation runoff from lawns, gardens, parks, and other vegetated areas can result in dry-weather
nuisance flows with high concentrations of nutrients and also mobilize and transport pollutants
accumulated on ground surfaces. The contribution of dry weather inflows from irrigation runoff to a
stagnant pool has also been known to foster in-situ bacterial growth (Geosyntec 2010). Effective
methods to reduce irrigation runoff may include development of educational outreach, increased
inspections, fines for overwatering, tiered water rates, or distribution of smart irrigation controllers
and/or other financial incentive programs that decrease watering volume. By promoting better irrigation
runoff management, communities may find that they are able to reduce water waste (increase
conservation), as well as improve water quality.

Two studies in Orange County measured the effectiveness of advanced irrigation systems for reducing
irrigation runoff. A residential runoff study conducted in five neighborhoods found dry-weather runoff
decreased by 50% in areas where weather-based irrigation controllers were installed (IRWD and
OCMWD 2004). Berg et al. (2009) found dry-weather runoff reductions of 25% to 50% for a similar study
of 4,100 Smart Timers installed in residential and commercial areas. In addition to potentially elevated E.
coli concentrations in irrigation runoff from parks and yards, the increased flows also allow for regrowth
in the MS4 and mobilization of pollutants in the MS4 to the receiving waters. Based on these studies, it
is anticipated that increased irrigation runoff controls, such as inspection, enforcement, and incentives
in commercial and residential land uses will generate pollutant load reductions. Irrigation controller
rebates are periodically offered by water providers such as Denver Water.

14 Adapted from San Diego Comprehensive Load Reduction Plan, Attachment E Non-structural BMPs, prepared by
Geosyntec Consultants (2012).
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Additionally, in Colorado, turf limits for new development and turf landscape transformations are a
significant initiative under the Colorado Water Plan that may help to reduce irrigation-related
contributions to MS4s. Specifically, the Colorado Water Plan, Agency Action 1.7, directs the Colorado
Water Conservation Board (CWCB) to explore Colorado's transformative landscape change practices,
including turf replacement. These practices aim to decrease outdoor municipal water demand and
increase efficiency while preserving resilient, livable, and aesthetically pleasing outdoor environments
(CWCB, 2025a).

In 2010, the Division provided Low Risk Discharge Guidance: Discharges from Surface Cosmetic Power
Washing Operations to Land in accordance with Water Quality Policy 27, Low Risk Discharges with
revisions in 2023 (Division 2023). The Division has not developed a general permit for this type of
discharge and is instead managing the discharge through the development of guidance. The guidance
sets forth a variety of BMPs and also states that if washwater reaches the street, curb flow line,
impermeable channels, or other open impermeable areas, it must remain in the operator’s control and
be immediately collected (including all deposited pollutants) for discharge in accordance with all
conditions of the Division’s guidance. The Division (2010) outlines the following alternatives for
disposing of power washing wastewater:

e Contact the local wastewater treatment facility to determine whether discharge of the wash water
to the sanitary sewer system is allowed. If discharge to the sanitary sewer is approved by the
wastewater treatment facility, collect the wash water and send it to the sanitary sewer system in
accordance with the requirements of the wastewater treatment facility.

e Collect the wash water and dispose of it appropriately at a disposal facility.

e Remove solids and any pooled liquids prior to washing, fully contain the wash water on an
impervious area, and allow it to completely evaporate. This activity must be conducted under the
control of the operator, and in a manner that prevents any potential discharge to a storm drain or
other conveyance to surface water.

o Apply for coverage under a CDPS Individual Permit.

Similarly, individual car washing can increase dry weather urban runoff and mobilizes FIB present on
impervious surfaces. To reduce FIB loads, educational outreach could be increased to encourage car
owners to minimize washing activities that increase runoff to storm drains.

Good housekeeping practices involve establishing and enforcing ordinances for commercial, industrial
and multi-family residential facilities. An ordinance requiring covered trash enclosures and frequent
cleaning can help reduce the FIB load associated with dumpsters. Some local governments such as City
and County of Denver are actively providing sturdy plastic trash cans with hinged lids, which may help to
reduce exposure of garbage to rain and leakage from the bottom of the can.

For restaurants, it may be beneficial to increase inspection and enforcement of grease removal
equipment, monitoring trash enclosures for proper waste disposal, and cleaning of private catch basins
and drain inlets. The wet weather sources targeted by these BMPs include dumpsters and grease traps.
A source tracking study performed in the San Diego River Watershed found that approximately 20% of
all dumpsters or grease traps had evidence of liquid leaks. These leaking containers are of especially high
importance as a result of significant concentrations of bacteria in the leaking liquid (Weston 2009a).
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Municipalities can also implement restaurant inspection and trash management programs. Uncontained
restaurant and grocery store wastes can be a significant FIB source in urban runoff, especially during wet
weather. An expanded education and outreach program would increase restaurant and store operator
awareness of this potential FIB source and provide solutions to trash management concerns. Local
governments may also be able to leverage inspections conducted under Industrial Pretreatment
Programs (for the sanitary collection system) as an opportunity to promote BMPs for storage of fats, oil
and grease (FOG).

a) Exposed commercial waste bins in commercial areas allow rainwater to infiltrate and leak from dumpsters.
B) Improved waste management through providing good-quality residential garbage containers with hinged lids
may help to reduce bacteria loading in residential areas. (Photos courtesy of Jane Clary.)
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Figure 16. Example Excerpts from a Denver Multi-lingual Brochure Targeting Restaurant Staff
to Increase Awareness of Trash Management Practices and Targeting Raccoon Sources
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4.12 MOoBILE SOURCES OF HUMAN WASTE: PORTABLE TOILETS AND RV DUMPING

Temporary sources of FIB can include portable toilets and illicit RV
dumping. The relevance of these sources to FIB impairments is
dependent on the particular watershed.

BMPs for portable toilets should address site location, cleanout
frequency and transportation/hauling requirements. The
placement of the portable toilet is particularly important.
Guidelines for portable toilet placement may include requirements
such as:

e Locate portable toilets away from high-traffic vehicular areas.

e Locate portable toilets at least 20 feet away from all storm
drains: never locate a portable toilet on top of a storm drain
inlet. Place portable toilets on a level ground surface that
provides unobstructed access to users and servicing pump
trucks.

Improperly placed portable toilet with
biocide running down gutter toward
storm drain. (Photo courtesy of Wright
Water Engineers.)

e Wherever possible, locate portable toilets on natural ground
and not on or within 5 feet of a paved surface such as
asphalt, concrete or similar.

e [f portable toilets must be placed on a paved surface exposed to rainwater or stormwater runoff,
extra care must be taken during servicing to ensure any wastewater spilled onto the paved surface
is rinsed and adequately collected so as not to leave any residue. A wet shop vacuum or similar
device would provide for adequate collection.

e As aminimum, portable toilets should not be located within the 75-foot buffer of any stream or
lake, or within any other larger stream/lake buffer that may have been established.

For an example of a portable toilet BMP fact sheet, see
https://www.gwinnettcounty.com/static/departments/publicutilities/pdf/WQ-
04%20Portable%20Toilet%20Management-%20Final.pdf).

llicit RV dumping to storm drains can be managed in recreational areas by providing public education on
appropriate practices, publicizing RV dump locations, by providing a citizen’s reporting hotline, and by
publicizing fines (e.g., $1,000 fine for illegal dumping in San Diego). Educational materials can include
tips such as:

e Use only designated dump stations.
e Never dump into the curb, gutter or sand.
e Connect to sanitary sewer with the correct size hose, and an airtight connection.

For an example of an RV dumping brochure, see the brochure developed by “Think Blue San Diego”:
http://www.sandiego.gov/thinkblue/pdf/rvdumpcard.pdf. Locations for RV dumping in Colorado can be
searched by city here: https://rvshare.com/dumpstations/colorado.
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Onsite wastewater treatment systems (OWTSs) include a variety of on-site systems for the collection,

storage, treatment, neutralization, or stabilization of sewage that occurs on a property. In some cases,

OWTSs are present in urbanized areas, particularly within urban growth boundaries in areas near city
limits. OWTSs include traditional septic systems, as well as other small on-site treatment systems.

In addition to approving and tracking OWTS permits, local governments can provide guidance on OWTS
maintenance and on signs of failing OWTSs. As an example, Boulder County, Colorado operates a “Septic
Smart” program that provides guidance to septic system owners about signs of failing septic systems,
including:

Test results of nearby well water show the presence of bacteria.
The ground in the area is wet or soggy.

Grass grows greener or faster in the area.

Sewage odors in the house or yard.

Plumbing backups into the house.

Slowly draining sinks and toilets.

Gurgling sounds in the plumbing.

If one or more of these warning signs exist, Boulder County recommends that the homeowner should
contact a licensed septic system cleaner to have the system inspected and pumped. Additionally, the
County recommends that homeowners have septic tanks proactively pumped out by a licensed OWTS
cleaner every three years. Additionally, in order to optimize outreach and public education related to
potentially problematic OWTSs, the county has inventoried OWTS locations using GIS and ranked and
prioritized permitted sites, high risk sites, etc. For more information on this Septic Smart program, see:

. EPA also provides a variety of septic

resources here:
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4.14 ENCAMPMENT OUTREACH AND ENFORCEMENT

Urban encampments and gathering areas for unsheltered
populations can be a source of human waste posing potential
human health risks in recreational waters. Housing unsheltered
individuals is a serious social issue in many communities and is
often a sensitive public policy issue. Based on experience
gained in Southern California addressing this issue (Geosyntec
2014), recommendations for an effective encampment
enforcement/outreach program may include:

e Collaboration with other agencies.
e Targeted MS4 channel cleanups.

e Enhancing programs to reduce the number of people in
encampments.

e Establishing ordinances that reduce encampments.

) o ) Encampment beneath bridge with
e Enforcing new and existing laws to decrease the negative |, man excrement on concrete. (Photo

impact on water quality. courtesy of Darren Mollendor.)

The Contra Costa County Flood Control and Water Conservation District undertook an extensive
research project to understand the best approaches for addressing water quality pollution from
encampments (DeVuono-Powell 2013). They found collaboration with other agencies to be the most
effective approach for addressing the long-term concerns of encampments.

Options to reduce water quality impacts of encampments should ideally be combined with broader
efforts to provide shelter for the unhoused community. One example is a grant-funded pilot program on
Coyote Creek in San José, California that employs individuals living in creek encampments to remove
trash and litter and to engage in peer-to-peer outreach with others living in the encampment.
Participants are housed temporarily and given food vouchers, case management services, employment
skills, and assistance at transitioning to permanent housing (EPA 2011).

Ultimately, the long-term solution to the water quality related aspects of encampments lies in the social
arena. For example, see goals and actions for reducing the unsheltered community in Denver
(Homelessness Resolution - City and County of Denver).

4.15 NARROWING THE “LAUNDRY LIST” OF POTENTIAL SOURCE CONTROLS

The list of source controls provided in this section is broad and intended to provide ideas for approaches
that local governments may want to consider to reduce E. coli loading; however, actual effectiveness will
depend on how well the source(s) are understood and whether the suggested practice is feasible
considering various financial and practical constraints. In other words, the list of practices above can be
characterized as a “menu of controls” that should be considered in an adaptive management context.
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Structural control practices to reduce E. coli loading include options for treating urban runoff through
“passive” stormwater BMPs such as those included in the USDCM Volume 3 (MHFD 2024). Active
treatment options, which are typically considered a last resort for managing dry weather flows, include
low-flow diversions to the sanitary sewer if allowed by the sanitary utility and active treatment using
disinfection at the outfall.

Urban stormwater BMPs can be implemented to improve water quality for a variety of pollutants
transported in wet weather flows. This section provides an overview of BMPs typically used in Colorado,
expected performance of BMPs, considerations for enhancing BMP performance, and considerations for
evaluating proprietary devices.

In the USDCM Volume 3 ( ), MHFD provides BMP selection, design, construction and
maintenance guidance for structural BMPs suitable for use in urban areas in most of Colorado. (Some
adaptations are needed in mountain areas.) This guidance is oriented to settings found in urban areas in
Colorado and considers state-specific constraints, such as Colorado water rights. The menu of structural
BMPs in Volume 3 is summarized in Table 18 along with general characterization of expected
effectiveness for bacteria and a summary of unit treatment process, or removal mechanisms, provided
by the BMP.

Removal mechanisms for FIB in stormwater control practices include both passive and active processes.
Based on a literature review conducted for the Water Environment Research Foundation (WERF)
Stormwater Challenge (Strecker et al. 2009), the dominant passive removal mechanisms for FIB include
natural inactivation, predation, inert filtration and sedimentation, sorption and chemical inactivation
(via contacting products). Key passive pollutant removal processes that may be present in various
stormwater control types are described below (Strecker et al. 2009, Leisenring et al. 2013, WERF 2007,
UWRRC 2014, Clary et al. 2020).

¢ Natural inactivation is a general removal mechanism that refers to FIB die-off or inactivation
due to a wide range of environmental factors. Unless provided with suitable conditions for
reproduction, the number of live cells will tend to decrease with time. Growth and decay rates
are highly dependent on environmental factors, which are continually changing. The most
important environmental factors affecting rate of inactivation are exposure to sunlight, water
temperature, and exposure to air (drying or desiccation). Additionally, FIB bound to particulates
have been found to be inactivated at slower rates because particulates are hypothesized to
provide both nutrients and shelter (WERF 2007).

e Predation of FIB by other microorganisms is interrelated with natural inactivation and has been
found to be a major removal mechanism. The most important predators of FIB are believed to
be protozoa and other eukaryotic organisms. Studies have found that predation may account for
approximately 90% of overall mortality rates of FIB (WERF 2007). Additional studies such as
Zhang et al. (2011) have begun to explore changes in microbial ecology in bioretention cells, but
more research is needed in this area.
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Table 18. Structural BMPs in MHFD USDCM Volume 3

Wetland Pond

Biological Processes
(predation)

BMP Type Expected Dominant Removal Additional Considerations
Effectiveness | Processes for FIB for
for FIB BMP Type

Grass Buffer Poor Infiltration Buffers may increase bacteria
concentrations if frequented by
urban wildlife and pets.

Grass Swale Poor Infiltration Swales may increase bacteria
concentrations if frequented by
urban wildlife and pets.

Bioretention Moderate to Infiltration Proper design and maintenance

High Filtration are important to avoid media
Biological Processes clogging.
Green Roof Not Well Evaporation Green roofs in Colorado typically
Characterized | Filtration require irrigation.
Biological Processes

Extended Poor to Sedimentation The performance of EDBs for FIB

Detention Moderate Infiltration (limited) reduction varies widely.

Basin (highly

variable)

Sand Filter Moderate Filtration See Section 5.1.3 for media
adaptations to enhance bacteria
reduction.

Retention Pond Moderate Sedimentation Many wet ponds demonstrate

(Wet Pond) Biological Processes significant bacteria reductions. In

(predation) Colorado, water rights constraints
and land requirements may limit
application.

Constructed Moderate Sedimentation Wetland ponds can potentially

provide bacteria reductions;
however, some wetlands can
export bacteria when birds and
other wildlife utilize these areas
for habitat. Water rights
constraints.

FIB

Constructed Poor to High, | Sedimentation See additional discussion in
Wetland depending on | Biological Processes Appendix A for adaptation to a
Channel design (predation) subsurface constructed wetland
channel. Water rights constraints.
Permeable Not Well Infiltration The primary benefit of permeable
Pavement Characterized | Filtration pavement is volume reduction.
(various types)
MTDs Variable Device-dependent Proprietary practices continue to
(Proprietary HDSs are not typically | evolve. Effectiveness depends on
Practices) designed to remove the MTD. See additional

discussion in Section 5.1.4.
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¢ Inert filtration > and sedimentation of solids are mechanisms that would be expected to
remove FIB bound to particulates from the water column. The effectiveness of particle removal
at reducing FIB concentrations is a function of the partitioning of FIB between particulate-bound
and free-floating forms, and the association of FIB across the particle size distribution. Once
again, the removal of FIB from the water column through sedimentation or filtration does not
necessarily constitute an ultimate removal mechanism because the survival of FIB is expected to
be greater when FIB are bound to sediment, and resuspension of communities of FIB sheltered
by sediment could represent a significant later source of FIB via resuspension in some systems.
Typical trapping efficiencies for sand filters and bioretention cells are estimated to be in the
range of 60 to 80% for well-designed devices, with trapping efficiency decreasing as untreated
runoff bypasses the devices and is discharged through the overflow structures during periods of
high flows or when the filter is clogged (Barfield et al. 2010, Hayes et al. 2008).

Additionally, Clark and Pitt (2012) note that most bacteria are in the lower limits of the size
range for effective physical filtration using a sand medium (Figure 17). However, as the filter
ages, removals will tend to increase, partly due to reduction in the effective pore size and due to
the exopolymers that many bacteria excrete. These exopolymers provide surface reactive sites,
even on a relatively inert sand media. Because of their negative surface charge, bacteria can be
removed by attaching to these surface reactive sites. Organic media provide a location for
captured bacteria to reside and grow (with potential for predation, as well). The challenge in
filtration media selection is to encourage capture and potential growth to create reactive sites,
but without excessive growth that sloughs off the media and is flushed out of the media with
successive storms.

e Sorption involves the bonding of microorganisms to the surface of particles. This bonding is
affected by parameters related to electrostatic charge, polarity and other factors. Sorption may
be reversible as conditions change (WERF 2007). Partitioning of FIB to particles is expected to
depend on a variety of environmental factors, stormwater characteristics and hydrodynamics
and is expected to change drastically with time and likely from site to site.

e Chemical inactivation of FIB through contact with antimicrobial products is an approach used in
a variety of proprietary BMPs. A common agent in these types of treatment devices is an
organosilane derivative (C-18 organosilane quaternary), which is reported to inactivate most FIB
without being consumed or dissipated and without producing toxic byproducts (Nolan et al.
2004). It is presumed that effectiveness of stormwater controls relying on a fixed microbial
agent would depend on the degree of contact and contact time between stormwater and the
microbial agent, dilution, and the amount of FIB bound to particulates. It is not clear whether C-
18 organosilane degrades over time and needs to be recharged/replaced. If so, the time since
installation or last maintenance would be expected to influence the effectiveness of such
proprietary devices. Silt films on the microbial agent would also be expected to decrease their
performance.

15 Inert filtration includes physical filtration processes but does not encompass sorption and other chemical-
physical processes that may occur in filter media.
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In addition to these treatment mechanisms, volume-related management practices, such as infiltration,
reduce FIB loads reaching waterbodies by controlling the volume component associated with pollutant
loading in runoff. For considerations related to groundwater contamination associated with stormwater
infiltration, see Pitt et al. (1994).

Figure 17. Particle Sizes of Viruses, Bacteria and Protozoan Cysts
(Source: Clark and Pitt 2012)
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The International Stormwater BMP Database ( ) provides a growing repository of

BMP performance data, including performance results for various FIB such as E. coli, enterococcus and
fecal coliform. Performance analysis summaries are generated periodically to summarize expected
performance of various categories of BMPs. This section provides a summary of the 2020 analysis of the
BMP Database (Clary et al. 2020).

Side-by-side box plots for the various BMP measurements were generated using the influent and
effluent concentrations from the studies, as provided in Figure 19 and Figure 20, for E. coli and fecal
coliform, respectively. For each BMP category, the influent box plots are provided on the left and the
effluent box plots are provided on the right. A key to the box plots is provided in Figure 18. In addition to
the box plots, Table 19 and Table 20 summarize influent/effluent medians, 25th and 75th percentiles,
and number of studies and data points are provided, along with 95% confidence intervals for the
medians. The median and interquartile ranges were selected as descriptive statistics for BMP
performance because they are non-parametric (do not require distributional assumptions for the
underlying data set) and are less affected by extreme values than means and standard deviations.
Additionally, the median is less affected by assumptions regarding values above upper quantification
limits. See Clary et al. (2020) for more detailed information on the analysis.
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Figure 18. Boxplot Key
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Figure 19. International Stormwater BMP Database Performance Data for E. coli
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Table 19. International Stormwater BMP Database Performance Data for E. coli
Study & Sample Count Interquartile Range Median
BMP Category (% ND) (25th — 75t %) (95% Conf. Interval)* In vs Out**
In Out In Out In Out
Detention 3; 37 3; 37 900 500
Basin (5.4%) (8.1%) 300-26,000 | 63.0-2,800 (430; 1,990) (133; 980) ovy
Retention 7,103 7; 100 4,110 708
Pond (0.0%) (1.0%) 854-26,500 | 35.5-8,980 (1,980; 6,100) | (156;1,370) vvy
. 9; 106 11; 97 6,210 884
Wetland Basin (0.9%) (1.0%) 774 - 21,400 161 - 3,360 (2,150 11,700) | (311; 1,320) \AA4
5; 39 5; 39 3,500 4,100
Grass Swale (20.5%) (0.0%) 411-11,000 | 1,200 - 10,000 (411; 5,600) (1,200: 5,900) OO0
. . 12; 121 12; 120 275 158
Bioretention (8.3%) (16.7%) 48.0 - 4,300 10.0 - 863 (120; 766) (46.5; 212) 2 A4
- 5; 54 6; 74 570 214
Media Filter (0.0%) (17.6%) 145-2,420 10.0 - 36,700 (180; 851) (41.5; 664) OOV
3; 33 3; 33 2,400 1,700
HDS (0.0%) (0.0%) 820-6,100 | 570-5,800 (860: 3.400) (780- 2.500) SO0

*Confidence interval about the median; computed using the BCa bootstrap method described by Efron and Tibishirani (1993).
**Each symbol represents an influent/effluent comparison test. Left position compares overlap of 95% confidence intervals
around influent/effluent medians. Middle position compares Mann-Whitney rank-sum hypothesis test P-value to a significance
value of 0.05. Right position compares Wilcoxon signed-rank hypothesis test P-value to a significance value of 0.05.

NA not available or less than three studies for BMP/constituent

% ND percentage of non-detects

& influent/effluent comparison test indicates no significant difference in concentrations
v influent/effluent comparison test indicates significant reduction in concentrations

A influent/effluent comparison test indicates significant increase in concentrations

Credit: Tables 19 & 20 and Figures 19 & 20: © The Water Research Foundation. Clary et al. 2020. BMP
Database 2020 Summary Statistics. Accessible at https://bmpdatabase.org/
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Figure 20. International Stormwater BMP Database Performance Data for Fecal Coliform
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Table 20. International Stormwater BMP Database Performance Data for Fecal Coliform

BMP Study & Sample Count Interquartile Range Median In vs
Category (% ND) (25th — 75th %tiles) (95% Conf. Interval)* Out**
In Out In Out In Out
De;(:s‘itr:on 2((2)12;0? 2(2;2)3 423-17,800 72.0-8,620 (1,536?31(,)010) (300?2(,)000) vvy
Re;i:':lon 1(?)(;/605% 1(2 12/1)1 1,030-30,800 | 110-15,000 (2,73%;558200) (80322?3300) ovy
w:at:: ’ (Zf;/i) (3;.55';,) 3,080-37,500 | 130-7,490 (5,2;3;'2%?200) (230?2(,)900) vvy
‘g::;lﬁl ((7;(;2) ((7);.05;) 967-7,000 1,050 - 15,400 (1,232&31(,)600) (1,2936?3(,)000) oo0
Grass Swale &iﬁ% (141.;;2) 1,260-22,000 |1,040-16800 03632?5 00) (2,5363;56(,)100) 000
casssup | E7 | 3R omao | S| 80 G | oso
116,000)

Bioretention (141.’7;6) (281’;;) 312-155,000 | 42.2-2480 | o 2:5;3%?000) 5 8.1;3 ) vvy
Media Filter 1(2 8202)2 2; 62,;);3 132-9,790 500-5,140 | 00?3?5 . " 12;5;93) IS A
HDS (gf (:,/Oo) (g': ;,2) 800-13,000 | 875-11,500 (803';3;800) (881';04?800) SON

*Confidence interval about the median; computed using the BCa bootstrap method described by Efron and Tibishirani (1993).
**Each symbol represents an influent/effluent comparison test. Left position compares overlap of 95% confidence intervals
around influent/effluent medians. Middle position compares Mann-Whitney rank-sum hypothesis test P-value to a significance

value of 0.05. Right position compares Wilcoxon signed-rank hypothesis test P-value to a significance value of 0.05.

NA not available or less than three studies for BMP/constituent

% ND percentage of non-detects

<& influent/effluent comparison test indicates no significant difference in concentrations
v influent/effluent comparison test indicates significant reduction in concentrations

A influent/effluent comparison test indicates significant increase in concentrations
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Key findings and observations based on the 2020 analysis of the International Stormwater BMP
Database include:

e Regardless of FIB type, the available data set shows that concentrations in urban stormwater
runoff typically exceed primary contact recreation standards, often by one or more orders of
magnitude.

e Regardless of stormwater control type or FIB type, both inflow and outflow concentrations are
highly variable, typically spanning an order of magnitude or more for the interquartile range.

e Currently available data suggest that it is unlikely that conventional structural stormwater controls
using passive treatment can consistently reduce FIB concentrations in runoff to primary contact
recreation standards. Sand filters are the only stormwater control category evaluated with effluent
concentrations approaching primary contact stream standards for E. coli, and retention (wet)
ponds approached the primary contact standard for enterococcus (analysis not shown in this
Toolbox). Although the bioretention data set’s median concentration for E. coli was below stream
standards, this data set had low E. coli in the influent relative to other BMP categories; therefore,
these findings are inconclusive for bioretention performance.

e Bioretention (potentially), sand filters, retention (wet) ponds, extended detention basins (dry) and
composite (treatment train) stormwater controls appear to be able to reduce FIB concentrations
to some extent, based on hypothesis testing conducted in the BMP Database analyses. Unit
processes such as sorption and filtration are present in bioretention and media filters, whereas
wet ponds may provide long holding times that enable sedimentation, solar irradiation and habitat
conducive to natural predation. Detention basins rely primarily on sedimentation; however,
scouring and resuspension of sediment deposited in detention basins may be a potential ongoing
source of FIB loading in the effluent. Review of individual detention basin studies shows that some
detention basins export FIB, whereas others reduce FIB concentrations.

=  Grass strips and swales do not appear to reduce FIB concentrations in their effluent. Instead,
increases in effluent concentrations for fecal coliform are shown for grass strips and some grass
swales studies. These stormwater control types may be exporting FIB, either from entrainment of
previously deposited FIB or from new sources (e.g., animal excrement). (Note: reductions in FIB
loading due to infiltration and evapotranspiration are not evaluated in this analysis.)

e Inadequate data sets are available to evaluate the performance of permeable pavements and
green roofs. Previous review of the green roof data in the BMP Database has shown that even
though roofs have relatively few sources of FIB (e.g., birds), sample results an order of magnitude
above primary contact stream standards are not uncommon (WWE and Geosyntec 2010).

e The manufactured treatment device (MTD) category in the BMP Database includes a range of
proprietary devices that rely on various unit treatment processes; therefore, performance should
be evaluated on a unit treatment process basis for purposes of MTD selection. The only category
of MTDs included in this analysis is hydrodynamic separators (HDSs), which do not demonstrate
reduction of FIB. There is insufficient data to evaluate other subcategories of MTDs for FIB for the
studies currently included in the database.

The concentration-based analysis presented above does not account for load reductions that may result
from reduced surface volumes discharged from the various SCMs. For more information on volume
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reduction benefits of SCM/BMPs, see International Stormwater Best Management Practices (BMP)
Database Technical Summary: Volume Reduction (Geosyntec and Wright Water Engineers 2011) and
Addendum 1 Expanded Analysis of Volume Reduction in Bioretention BMPs (Geosyntec and Wright
Water Engineers 2012b) for a discussion of volume reduction analyses conducted for the BMP Database.
Practices that infiltrate runoff can help to reduce the number of runoff events discharged from a
stormwater control device and reduce runoff volumes, which may help to reduce the number of
exceedance days associated with wet weather conditions, and will reduce in-stream final
concentrations. Figure 21 provides an example of analysis of discharge events for bioretention with
underdrains, with inflow concentrations grouped into inflow bins of runoff normalized to watershed-
centimeters.

Currently, insufficient permeable pavement studies for FIB have been submitted to the BMP Database
for analysis for FIB. To the extent that permeable pavement sites reduce runoff volumes from a site,
they would be expected to help reduce discharged pollutant loads under wet weather conditions and to
reduce the frequency of exceedance days, similar to bioretention.

Figure 21. Presence/Absence of Discharge Plots for Bioretention Sites with Underdrains
(Source: Geosyntec and WWE 2011)
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Typically, the most cost-effective BMPs for bacteria removal from urban runoff rely on infiltration;
however, infiltration is not always a viable approach when site soils prohibit infiltration, sufficient space
is not available for adequate detention of flows prior to infiltration, or high groundwater is present. As
noted in the previous section, some BMP types can provide statistically significant reduction of FIB;
however, few, if any, can consistently meet primary contact standards, except for disinfection, which is
typically unrealistic for most wet weather applications.

An area of current research relates to optimizing filtration media and design components in bioretention
(biofilters) and media filters. Effluent concentrations for fecal coliform and E. coli in these BMPs vary
depending on climate and design parameters, with removal rates generally greater than 50%. ¢ Overall,
a somewhat limited number of field studies have been performed. Many of the available studies are
laboratory-based utilizing column tests with lab-created (“synthetic”) stormwater, which may not reflect
all the complexities of a full-scale system with actual stormwater runoff (e.g., low natural organic
material (NOM) results in inflated FIB removal rates, and low TSS or unrealistic particle size distributions
result in overestimated times to clogging). Table 21 provides a summary of some of the research over
the past 10 years related to media amendments to improve FIB and pathogen removal since publication
of this Toolbox.

The 2016 version of this Toolbox provided additional discussion of research available at that time that
has been moved to Appendix A. As described in more detail in Appendix A, representative
considerations from available literature suggest that incorporating the following design components
may improve FIB reduction in biofilters:

e Media amendments such as biochar and zeolite; however, continued field testing is needed
related to real-world installations in terms of clogging and maintenance requirements.

e Vegetation with specific root structures to promote pollutant removal and infiltration.
e Qutlet control with sufficient contact time. (MHFD criteria provide sufficient contact time.)
e The presence of a saturated zone.

Also included in Appendix A is a discussion of subsurface flow wetlands, which are a potential
adaptation of a wetland channel with the potential to reduce FIB. Because this practice is not typically
used in Colorado, it has also been moved to the appendix.

Beyond specific media mixes, research by the University of Minnesota has also focused on more basic
design questions such as whether more infiltration can be achieved to reduce pollutant loads by capping
underdrains in conservatively designed bioretention facilities that have characteristics suitable for
infiltration (Erickson 2018).

16 In addition to recent references in Table 21, earlier representative references include: Barrett 2003, Hunt et al.

2008, Rusciano and Obropta 2007, Zhang et al. 2010, Kim et al. 2012, Chandrasena et al. 2014, Chandrasena et al.
2012a, Chandrasena et al. 2012b, Passeport et al. 2009, Mwabi et al. 2012, Prabhukumar 2013, Zhang et al. 2010,
Mohanty et al. 2014, Mohanty et al. 2013, Hathaway et al. 2012, Hathaway et al. 2001, Li and Davis 2009, Li et al.

20144, Li et al. 2014b, Li et al. 2012, Miller 2009.
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Table 21. Representative Media Amendment Studies for FIB and Pathogen Removal

Year | Source A di / Agent BMP / Setup Indic; (s) Study Type Lab Results Field Results
2014|Li et. al. Antimicrobial-modified |Gravity-fed columns E. coli Lab/mesocosm |Estimated ~2-log E. coli Not reported (column study).
(2014) media: Cu-immobilized |with natural (column; reduction within 40 min; ~0.8-
zeolite; Cu(OH)2-coated |stormwater; 24-week natural log removal at ~4.5 min contact
GAC (plus other agents |operation; contact-time stormwater) time.
screened) tests
2014|Mohanty |Biochar (5% w/w) in Lab columns; steady & |E. coli Lab (column) Biochar retained up to ~3 orders [Not reported.
et. al. sand biofilter media intermittent flow; of magnitude more E. coli than
(2014) with/without natural sand and reduced mobilization;
organic matter (NOM) NOM reduced removal but
biochar still outperformed sand.
2015|Torkelson [QAS-coated sand; ZVI; |Long-term intermittent |E. coli; MS2 |Lab (long-term |Improved pathogen/indicator Not field; simulated storm
et.al. biochar (media stormwater column (and others in|columns) / removal with amended media; [cycles in columns.
(2015) amendments) experiments (weekly dissertation) |dissertation performance sensitive to ionic
dosing) + drinking water strength, flow, and humic acid
chapters fouling (by chapter).
2016|Chandrase |Field biofilters; indicator |Two established field-  |E. coli; Field (biofilter |Not applicable. E. coli log reduction higher than
naet.al. |vs pathogen comparison |scale biofilters treating |Campylobact [monitoring) Campylobacter; no correlation
(2016) under normal vs urban stormwater erspp. between their log removals;
challenging conditions only one biofilter met guideline
log reduction targets on
average.
2017|Shingle Biochar + iron-enhanced |Field trials (pond bench |E. coli (and Field (pilots) Notes lab experiments show Monitoring described; project
Creek sand (IES) in filters retrofits and catch basin |others) biochar + IES can remove page does not provide a single
WMC inserts); multi-year bacteria in synthetic consolidated removal statistic.
(2017) monitoring described stormwater.
2018|Afrooz et. |Biochar-amended Lab-scale biofilters; Salmonella Lab (biofilter) |Up to ~3.9 log10 removal for Not reported.
al. (2018) [stormwater biofilters pathogen and viral Typhimurium; pathogenic bacteria; ~1.9 log10
(geomedia) indicator challenge tests [Staphylococc for E. coli; ~1.8 log10 for MS2.
us aureus; E.
coli; MS2
2019(Kranner et. [Biochar amendment; 61-week conditioning E. coli; Mesocosm/sim |Challenge tests: biochar Conditioning: biochar improved
al. (2019) [saturated zone (media |with natural enterococci; |ulated field + |enhanced removal of all fecal E. coli removal early (~31 wks)
saturation) stormwater; then F+ coliphage [challenge tests [indicators; saturated zone but not late (~30 wks);
wastewater-spiked improved removal. mobilization minimal (<2.5%).
challenge tests
2020(Boehm et. [Biochar in biofilters Systematic review of Microbial Review / Across included studies, biochar |Not a field monitoring study;
al. (2020) |(systematic review) lab/mesocosm studies |pollutants synthesis media generally showed higher [discusses implications and
(subset meeting (multiple microbial log10 removal than longevity.
inclusion criteria) indicators) + controls (sand/soil/compost).
trace organics
2020|Rahman et.|Biochar-amended sand |Column study with E. coli Lab/mesocosm |Reports improved E. coli Not field installation.
al. (2020) |columns (property acclimation and multiple (columns) removal for higher-surface-area
comparison: CEC vs urban storm events biochar in early storm events
surface area) (reported as 100% in the
document).
2021|Ghavanlou [lron filings (3% and 10% |Lab columns; E. coli Lab (column) 10% iron reduced first-flush E.  |Not reported.
ghajar et.  [by weight) in intermittent E. coli- coli leaching by ~32% vs
al. (2021) [compost+sand biofilter |contaminated compost columns; DOC reduced
media stormwater; focus on adsorption capacity.
2021|Valenca et. |Biochar selection (high- [Lab columns for E. coli Lab (column) + |Program summary reports Program summary reports
al. (2021) |temp wood-based) for |screening; pilots pilot field trials |~99.95% E. coli removal in lab small-scale field trials ~49-93%
E. coli removal summarized in program (reported) trial for selected biochar media |E. coli reduction (site-specific
materials (example). pilots).
2023|Mitchell et.|Biochar and fungi Bioretention columns;  |E. coli; fecal |Mesocosm/ First dosing event exported FIB; [Not field installation.
al. (2023) [(Stropharia roadway runoff dosing |coliform column (long- [subsequent events showed
rugosoannulata) in across 8 events over 14 term; real treatment; findings suggest
bioretention media months runoff) biochar improved E. coli
treatment (qualitative).
2023|Ulrich Biochar selection and Presentation E. coli Presentation Summarizes lab-scale support Reports no improvement of
(2023) translation to field summarizing lab (lab-to-field for E. coli removal with selected |custom-produced biochar
performance evidence and field translation) commercial biochars (references |relative to sand-only in
testbed outcomes Valenca et al.). referenced field context (as
presented).
2024|Ulrich et.  |Biochar-amended sand |[Field testbed treating E. coli Field (event Not reported. Biochar amendment did not
al. (2024) |vs sand vs iron- parking lot runoff; 21 monitoring) improve E. coli retention
enhanced sand (IES) precipitation events relative to sand; IES showed
filters over 2 field seasons >90% net TP retention.
2025|Wilkins et. |Biochar (literature Review of biochar Microbial Review / Summarizes that biochar can Summarizes mixed field
al. (2025) |review / synthesis) properties, dosing, pollutants synthesis improve microbial removal in outcomes depending on
particle size, longevity, |[(general) some controlled studies; biochar and operating
leaching emphasizes variability. conditions.
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The proprietary market for stormwater controls is continually evolving, and significant changes are
occurring related to verification and certification programs. A systematic evaluation of manufactured
devices designed to reduce FIB and pathogens was not completed for purposes of this report. Based on
observations from studies in the International Stormwater BMP Database, HDSs typically do not reduce
E. coli due to short residence times and lack of biological or chemical treatment mechanisms. Filtration
devices such as high rate media filters and high rate biofilters may be able to reduce E. coli. Research
continues on various amendments to filtration-based products related to bacteria removal. The
following guidance should be considered when reviewing performance data and literature associated
with the antimicrobial or bacteria removal claims of a proprietary device:

e Use “real” stormwater: It is preferred that “real” stormwater (including NOM and suspended
sediment) be used in such evaluations rather than synthetic stormwater; otherwise,
performance results may not be representative of installed conditions. If synthetic stormwater is
used, NOM and suspended solids should be added to mimic “real” stormwater and influent FIB
concentrations should be representative of typical stormwater runoff concentrations.

e Effluent concentrations reported: It is preferable to review independently measured
guantitative results for each monitored event (including effluent concentrations), rather than
simplified percent removal tabulations, since effluent concentration tends to be a more robust
predictor of performance.

o Independently conducted or verified field-based studies: If only laboratory studies are
available, they should include careful control, measurement, and reporting of practical contact
times in order to scale results for field implementation. However, it is highly preferred that field
demonstration test results are provided because lab and field studies do not always result in the
same findings.

e Availability of study design details: Studies should provide design details (influent and effluent
concentrations for the monitored storm events, precipitation and flow data associated with
monitored events, and information on the sampling plan) for careful review and applicability to
site-specific applications.

Some proprietary devices with antimicrobial claims may be subject to registration with regulatory
agencies (e.g., the EPA or possibly the Colorado Department of Agriculture). Investigation into these
regulatory review processes and registrations is important before making any agreements with suppliers
since proper registration and review may be legally required and will aid in protecting the environment
from potential uncontrolled exports of toxic material.

Examples of detailed proprietary device evaluations based on field installations can be obtained from:

e New Jersey Department of Environmental Protection

( )

e New Jersey Cooperative for Advance Technology (NJCAT) program

( );

e  Washington State Department of Ecology TAPE Program (TAPE)
(

e International Stormwater BMP Database ( )
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e The National Center for Stormwater Testing and Evaluation for Products and Practices (STEPP)
(likely to be a future source of information) ( )

e  Other sources such as in-depth academic dissertations and publications (e.g., Cai et al 2014), as
a few examples.

If a proprietary device is selected, care should be taken to ensure proper maintenance following
manufacturers’ guidance, since they are often underground (out-of-sight). When proper maintenance is
not conducted, sediment and organic materials captured in the device can become a source of FIB.
Similarly, if devices allow resuspension and scouring of sediment, then export of FIB may be an issue.

Diversion of storm sewer flows to sanitary systems is not typically allowed in Colorado; however, in
some states, diverting dry weather flows to the sanitary sewer system for treatment has been used as
an option for reducing dry-weather E. coli loading if such flows cannot be practically or cost-effectively
controlled. Typically, feasible source control reduction measures should be implemented before
considering a low-flow diversion. This approach has been used frequently in California for outfalls that
discharge to swim beaches. As of 2015, there were over 125 of these projects in response to bacteria
TMDLs for California beaches. The range of costs for dry-weather diversions reported by the Surfrider
Foundation for 35 diversion projects in California funded under the Clean Beaches Initiative (CBI) was
$200,000 to S5 million, with a median cost of approximately $750,000. (Note: 2026 costs would be
much higher because the year of cost basis is likely 15-25 years old and has not been updated for
inflation.) For examples, see

In Colorado, local governments should anticipate significant obstacles to implementing this approach for
the following reasons:

e Legal prohibition of storm discharges to the sanitary sewer system.

e Possible water rights complications related to changing the point of discharge and ambiguity of
flow sources.

e Concerns from WWTP operators regarding other difficult-to-treat pollutants such as selenium
and arsenic that may be present in groundwater.

These challenges may be more manageable if the MS4 and WWTP are operated by the same
municipality. In cases where a municipality’s wastewater is treated by a special district, this option may
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not be viable. When discussing potential options with
WWTPs, it is important to clarify that the flows being
treated are dry weather discharges rather than stormwater
dischargers.

Low-flow diversion systems are designed to operate only
during periods of dry weather. During significant wet
weather, the systems are typically shut off or bypassed.
Diversion structures vary in complexity from temporary
inflatable dams and portable pumps to complex engineered
systems with automatic controls, flow meters, and alarm
systems. The systems may be by gravity flow or rely on
pumps. In many cases there is some type of screening,
filtering, or centrifugal separation device installed as part of
the diversion that keeps trash and large solid particles out of
the sewer lines. The low-flow diversion can be constructed
underground in roadways.

Advantages of low-flow diversions include:

e Effectively and reliably remove low-flow loading
from diverted outfalls during dry weather
conditions.

e May be more cost-effective than alternatives,
depending on site conditions.

e Effective with varying flows up to allowed diversion
capacity.

Potential disadvantages in Colorado include:

e Requires pre-treatment to remove trash and to
prevent entry of hazardous materials.

e High sanitary tap fees, particularly if the WWTP
ownership and the MS4 permittee are different
entities.

e Not effective during wet weather.

e In some cases, the capacity of the sewer lines or the
unwillingness of the sewer agency to accept the
diverted dry weather urban runoff may preclude
use of this option.

e Capital cost to install diversions varies widely,
depending on such factors as the flow, the nearness
and relative elevation of sewer lines and the degree

June 2026 Colorado E. coli Toolbox

Representative Requirements
Established by WWTPs Allowing
Dry-Weather Stormwater
Diversions to Sanitary Sewer

The diversion must be designed
to exclude wet weather flow and
must have a lockable shut-off
device accessible to WWTP
agency.

The applicant must apply for and
obtain a permit from the WWTP
agency prior to discharging.

The permit applicant must
demonstrate that other disposal
alternatives have been
considered, evaluated and
deemed not feasible.

Debris and pollutants of concern
must be prevented from
entering the sewer system.

The daily total flow must be
measured.

The applicant must employ
BMPs designed to minimize or
eliminate dry weather urban
runoff.

The quality of the discharge
must meet the WWTP agency’s
standards, the discharger must
conduct quarterly self-
monitoring and submit reports
to WWTP agency.

Discharges must be shut off no
later than the commencement
of any measurable rainfall and
cannot be resumed without
written approval from WWTP
agency.

Source: OCSD, 2015
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of automated control desired. The cost may range from a few thousand dollars to hundreds of
thousands of dollars. Depending on the sewer agency, there will likely be a continuing cost
based on the flow rate and/or the concentration of contaminants.

Possible disruption of wastewater treatment process due to high pesticides/herbicides, TDS,
spilled gasoline or dumped oil. (These are also reasons that a wastewater utility may choose not
to accept MS4 flows.)

Possible ecological effects from decreased baseflows to the stream which could disrupt
movement of fish, and/or reduce water supporting downstream riparian habitat.

Water rights constraints (depending on the stream segment).

Active disinfection methods include techniques such as UV light irradiation, chlorination, ozonation,

peracetic acid, and others (UWRRC 2014). These methods are well documented as effective treatment
techniques for sanitary wastewater (sewage); however, they are typically a last resort for treatment of
dry and wet weather discharges. The reasons that active disinfection methods are typically a last resort

Disinfection does not provide benefits for reducing nutrients and other pollutants that may be
associated with bacterial discharges to streams. Additionally, FIB are readily inactivated at low
UV doses (=10-20 mJ/cm?), whereas viral pathogens typically require several-fold higher doses,
meaning FIB reductions alone may not mean that there is corresponding comprehensive
pathogen risk reduction, depending on how the system is operated (EPA 1999, Masjoudi 2021).

Most urban streams in Colorado include multiple outfalls rather than a single combined major
outfall enabling consolidation of treatment facilities in a central facility. (In contrast, most of the
active disinfection examples for California beaches enable use of a single facility for a swim
beach.)

Existing outfalls are inherently located in already developed areas, which present space
constraints for end-of-pipe treatment. Although disinfection of low flows may be feasible with a
relatively compact treatment facility footprint, wet weather treatment facilities require a
substantially greater footprint and capital cost due to the need for flow equalization basins.

Active disinfection requires active operation and management over the long-term with
significantly greater costs than passive BMPs. These costs can include electricity, UV bulb
replacement, other parts replacement, mechanical repairs, vandalism repairs and labor.
Additionally, for UV disinfection to be effective, sediment needs to be removed from flows,
which results in additional maintenance of pretreatment facilities such as vaults and
hydrodynamic separators.

Although disinfection can effectively treat flows for pathogens, the downstream receiving water
may not necessarily attain recreational water quality criteria since new sources of FIB (e.g.,
wildlife, birds) may be introduced following treatment (Murray and Steets 2009).
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For these reasons, when considering use of active treatment, it is generally recommended that source
controls should be implemented as a primary stormwater treatment strategy first, followed by carefully
selected passive-treatment structural stormwater controls (BMPs). In cases where these practices are
not effective and high levels of recreational use are present, disinfection may be a viable alternative of
last resort, particularly if human sources of FIB have been confirmed and not controlled by other
measures.

City and County of Denver UV Disinfection Case Study for Dry Weather Flows

The City and County of Denver’s MS4 permit requirements are based on achievement of an end-of-
pipe concentration-based E. coli limit of 126 MPN/100 mL. In order to achieve these numeric limits,
Denver installed end-of-pipe UV treatment at three high priority outfalls in the 2017-2020 timeframe.
Design and construction cost per treatment system ranged from $200,000 to $500,000, with ongoing
equipment, power and maintenance costs for perpetuity of operation. Representative maintenance
costs include replacement of UV bulbs and sediment removal from upstream pretreatment (e.g.,
hydrodynamic separators). For one outfall (N-411-E), Denver estimates that 350 staff hours per year
are needed for maintenance, including vault cleanout up to twice per month. Operational challenges
have included issues such as flows short-circuiting the treatment system. Although the UV treatment
systems have reduced E. coli at end-of-pipe, instream monitoring in the South Platte River has not
shown a corresponding reduction in E. coli attributable to these treatment systems. (Personal
Communication with Brad Cox, Denver Department of Transportation and Infrastructure)

Sediment

Denver Outfall UV
Disinfection Components
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UWRRC (2014) provides an overview of the strengths and weaknesses of several disinfection practices
that may be considered for active disinfection such as UV disinfection, ozonation, peracetic acid and
chlorine, discussed primarily in the context of treating dry weather flows. UV disinfection is described
below since it has been implemented in the metro Denver area.

UV light irradiation, known as UV disinfection, involves UV bulbs used for wastewater disinfection emit
energy at a wavelength of about 254 nm, which penetrates the cell wall of a microorganism and is
absorbed by cellular materials such as nucleic acids. This absorption will either keep the cell from
reproducing or destroy the cell entirely. UV disinfection requires a relatively high level of pretreatment
to reduce suspended solids (Field 1996), typically using sand filtration or another method, a pump, and
backwashing for filter maintenance. UV disinfection effectiveness requires careful design with regard to
flow rate, which is a principal determinant of the dosage of UV light necessary for effective disinfection
(Wojtenko et al. 2001). UV disinfection is a safer option than chemical disinfectants and has no known
downstream ecological effects. The system may be placed in a pump house and does not require
additional land. The capital cost is low compared to other active treatment alternatives. Operation and
maintenance (O&M) includes regular inspection, cleaning, bulb replacement, and an energy supply
(Geosyntec 2009). Because fouling materials deposited on quartz sleeves of UV bulbs decrease
transmittance of UV light and associated disinfection capability (Oliver and Cosgrove 1975), an in-place
cleaning system should be considered to remove fouling materials from the quartz sleeves.

Effectiveness of disinfection is influenced by the water quality (e.g., turbidity and organic matter
content), type of disinfectant used, disinfectant dosage and disinfectant contact time. Challenges arise
in disinfecting urban runoff due to the extreme variability between dry and wet weather flow volumes
(Stinson and Perdek 2003). Disinfection of urban runoff requires some form of filtration, sedimentation
prior to introduction of disinfecting chemicals or irradiation (EPA 1973a&b). High levels of particulate
matter in urban runoff (particularly during wet weather conditions) can provide a “shielding effect” in
which particles protect the microbes from the disinfecting agent (Sakamoto and Cairns 1997). To
enhance treatment of wet weather flows, it is essential that mechanical or chemical pretreatment
processes are applied prior to disinfection and are subjected further to high-rate filtration processes
prior to discharge to waterbodies. Thus, the costs of active treatment for disinfecting stormwater
include additional costs for pretreatment and flow equalization prior to the disinfection process itself.

Currently available research related to channel enhancements for bacteria reduction is relatively limited,
although research related to wetland channels and stormwater BMPs provides insight into principles
and unit treatment processes that may help to reduce bacteria loading (e.g., UWRRC 2014, Kadlec and
Wallace 2009, WWE and Geosyntec 2010). Removal mechanisms include solar irradiation,
predation/antagonism/competition from other microorganisms, sedimentation and filtration (Kadlec
and Wallace 2009). Sorption to filter media, physical straining, and other chemical/biological ecological
processes may also be important removal mechanisms that are leveraged by channel designs that
incorporate subsurface flow wetlands elements. Additionally, lower nutrient conditions may also be
beneficial for controlling bacteria regrowth within the stormwater conveyance system (McCarthy 2008,
Surbeck et al. 2010). The survival of E. coli in the environment depends on interaction of multiple factors
and many questions exist in the scientific community regarding the fate and transport of bacteria, so
uncertainty exists regarding how successful any particular design feature will be in a particular location
for reducing E. coli loading (UWRRC 2014). Nonetheless, the following design and maintenance
considerations may be worthwhile to consider as part of channel design features:
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e Increase sunlight (UV exposure), which is a benefit of an open channel versus a piped channel.
However, there are tradeoffs related to other water quality concerns like temperature when
tree canopy is present, which can provide shade that reduces temperatures.

e Increase hydraulic residence time and minimize channel velocities. For example, a sinuous low-
flow channel can help to lengthen the flow path and increase hydraulic residence time. These
features enhance natural die-off, sedimentation, and generally improve effectiveness of other
treatment processes.

e When water rights and site constraints allow, consider using a constructed wetland channel
design rather than a grass-lined channel. Grass-lined swale designs generally do not show
reductions in bacteria concentrations for urban runoff (although volume reduction may
contribute to load reductions) (WWE and Geosyntec 2010, 2014). Wetland channel designs
incorporate additional unit treatment processes that may help to reduce bacteria loading.

e Consider integration of a subsurface flow treatment wetland for baseflow (dry weather)
conditions (see Appendix A). Subsurface flow wetlands consist of a gravel or media bed planted
with wetland vegetation where the water is kept below the surface of the bed and flows
horizontally from the inlet to the outlet. An advantage that subsurface flow wetlands have over
other constructed wetland systems (e.g., free water surface wetland) is that the water is not
exposed above the surface during the treatment process, thus reducing the risk associated with
human or wildlife exposure to pathogenic organisms. In addition, properly designed and
maintained systems do not provide suitable ponded water habitat for waterfowl or mosquitos.
Subsurface flow wetland systems typically include inlet piping, a lining system, filter media,
emergent vegetation, berms or dividers, and outlet piping with water level controls. For
stormwater flows, a constraint for this approach is that a flow equalization basin upstream of
the system is usually required, which requires land availability and increases cost.

e If subsurface flow wetlands are infeasible, integrate wetland vegetation in the channel or along
channel edges. This has the dual benefit of discouraging geese loafing up to the edge of the
channel and provides substrate for predatory microbes. A potential downside of wetland
channels in some locations, however, is that they can attract natural wildlife, which may be a
potential source of bacteria loading in some conditions. Other wetland features such as a
mixture of shallow and deeper water zones may also be beneficial, if site conditions allow.

e Consider features that promote sedimentation and reduce scour (resuspension). This could be
accomplished by sediment traps and/or baffling features. Although dry weather flows typically
have relatively low sediment loads, storm runoff would be expected to have higher sediment
loads, which can be deposited in the channel, becoming a persistent source of bacteria,
particularly if disturbed and resuspended.

e Design the channel with velocity control features so that low-flow channel segments are
protected from scour/resuspension during the higher flows expected during storm runoff.

o If wetland features are incorporated into the channel design, water rights must be taken into
consideration as part of the feasibility evaluation and design.
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e Manage nutrient loading from overland flow areas to the channel by utilizing native or low-
maintenance vegetation in landscaped areas draining to the channel. If manicured turf is
utilized, fertilizer and irrigation practices should be carefully managed.

e Where parks and trails are components of the drainage feature design and are expected to be
frequented by pets, provide and maintain appropriate pet waste disposal cans and signage.
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6 PUBLIC HEALTH ADVISORIES

The ultimate purpose of recreational water quality criteria
and standards is to protect public health; therefore, when
standards are exceeded, local governments are encouraged
to provide signage or other educational information to
educate recreators regarding potential health risks and
practices that reduce the inherent health risks from
recreating in natural waters.” Figure 22 provides examples
of signage that can be posted in areas where recreation
commonly occurs, and Figure 23 and Figure 24 provides an
example of public health information that can be posted on a
website and/or provided to park rangers or open space staff
for communication with the public.

Although some locations may have consistently elevated E.
coli, it is more common in Colorado for E. coli concentrations
to vary seasonally (higher in the summer) and following
storm events. Research is underway in various parts of the
country related to “now casting” conditions that are

Figure 22. Public Health Signage
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correlated with elevated FIB for purposes of Clean Water Act beach closure notification programs.
Variables such as precipitation, temperature, sunlight (UV irradiation), turbidity, humidity and other
factors may be part of such predictive tools, but the correlations are site specific and not transferable
between beaches (Brady and Plona 2012, Huey and Myer 2010). Also see discussion of emerging
technologies such as real-time sensors that may be used for early warning in Section 2.6.

In addition to “reactive” public education and outreach, local governments should also consider
proactively reaching out directly to recreational user communities to provide education on “best
practices” when recreating in natural waters. Even when a stream is not labeled as impaired, there are
always inherent risks when recreating in natural waters, which are not chlorinated like swimming pools.

7 pesignated “natural swimming areas” in Colorado, which are typically located at lakes and reservoirs with fee-
based access, have additional specific requirements as described in 5 CCR 1003-5.
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Figure 23. Example Denver Recreational Advisory Messaging

DENVER’S STREAMS AND LAKES

RUNOFF

Denver's lakes and streams receive runoff from city streets, yards, parks, and
discharges from industry and wastewater treatment plants that can make you sick.

DDPHE does not recommend wading or playing in city streams
or lakes. Swimming is not allowed. Instead use swimming
facilities provided by the Denver Parks and Recreation
Department throughout the city.

Kayakers may also become ill from ingesting surface water.

June 2026

if you choose to enter one of the city’s streams or lakes,
here are some tips to help keep you safe:

BEFORE EATING AFTER A STORM

If you've been in the water, wash Street runoff is one of the
your hands before eating and avod ¥ largest poliution sources in Denvers
entering the water with open cuts lakes and streams. Waiting allows bacteria

WASH YOUR HANDS @"‘ WAIT 72 HOURS

or sores. levels to return to safe levals

S

BLUE GREEN ALGAE RELEASE TOXINS WHICH CAN MAKE
YOU AND YOUR PETS SICK

If you see signs of a bluegreen algae bioom, or are unsure If 8 bloom is present, don't enter the water.
Learn how to recognize bluegresn algas and how to keep you and your pets safe at CDC's website.

AVOID:
= Swallowing the water = Areas where the water is not flowing

Ll Enter:ng watar with open culs or sores - Areas with signs of poliutkon such as trash, odl shicks orF scum

« Waters near flowing storm draing « Lakes and streams with vigsible signs of bluegreen algae
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Figure 24. City of Boulder Public Messaging
(Source: https://bouldercolorado.gov/e-coli-boulder-creek)

Caoncr Emplopmem. Conzoils O
Locations Sernvices Projects Government MNews

E. Coliin Boulder Creek

Recreate Safely

When wading or swimming in any natural water body, including Boulder Creek, you may be exposed to E. coli and other microorganisms. Most types
of E. coli do not cause illness, but there are certain strains that can cause gastrointestinal illness and symptoms can include nausea, vomiting,
stomachache, diarrhea, headache and fever. Boulder Creek does periodically exceed the level of E. coli deemed safe for recreational use by the U.S.
Environmental Protection Agency.

Use these tips to help reduce the chance of getting sick while swimming:

—— Don't get water in your mouth, eyes or open wounds.

—— Stay out of the water if you are sick or have a weakened immune system.

—— Wash your hands and shower after being in the creek.

—— Don't swim within 48 hours of a rainstorm or if the water looks cloudy or discolored.

—— Be aware that small children and older adults may have more risk of contracting serious illness from waterborne pathogens.

What can you do to help reduce bacteria pollution?

Everyone can help reduce pollution in Boulder Creek and other creeks in Boulder. Stormwater run-off goes directly into our creeks without being
treated. Trash, debris and pollution you see on streets, sidewalks and parks is therefore likely to end up in the creeks.

—— Pick up after your pets at home, in your neighborhood and on the trails.
—— Keep trash bins closed and inaccessible to wildlife.

—— Replace cracked waste bins, keep street gutters clean from trash and pick up after yourself and your neighbors to avoid attracting wildlife.
Contact your property manager if your waste area does not look well maintained.

—— Use waterwise landscaping and talk with your neighbors about water conservation.

—— Reduce or eliminate lawn and garden irrigation, fix leaking or broken irrigation equipment and keep sprinklers aimed at landscaping, not the
sidewalk or road. Report over-irrigation on city properties or broken irrigation equipment on Inquire Boulder.

—— Follow Leave No Trace principles when recreating outdoors. Always use restrooms, and always properly dispose of soiled diapers.

—— Reportillegal dumping or improper waste disposal, and anything but clean water (e.g., paint, chemicals) entering the street, storm drains or
any body of water. Report these issues on [nguire Boulder or follow steps to report a spill to the stormwater quality program.

—— Visit the Keep It Clean Partnership to learn more about how you can protect water quality by preventing stormwater pollution.
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Once local governments have identified and corrected controllable sources of E. coli to the “maximum
extent practicable,” it is possible that streams and stormwater outfalls may continue to exceed
recreational water quality standards. In such cases, regulatory adjustments to stream standards or
discharge permit conditions may be appropriate at some point. Because only a limited number of E. coli
TMDLs have been completed in Colorado to date with MS4 permit requirements, the Division is still
gaining experience in such situations. This chapter provides basic information on regulatory alternatives
in Colorado, followed by guidance from EPA that provides additional detail on site-specific standards
under EPA’s 2012 Recreational Water Quality Criteria and 2024 Technical Support Materials. Although
not applicable in Colorado, a summary of experiences in California with natural source exclusions and
human-source prioritization strategies is also included.

Regulation 31, The Basic Standards and Methodologies for Surface Water, outlines regulatory options
for assigning stream standards in Colorado. The primary options for modifying a stream standard include
changing the designated use based on a Use Attainability Analysis (UAA), changing the standard based
on a site-specific analysis, adopting a discharger specific variance (DSV), or a temporary modification to
the standard. Additional information for two of these options includes:

e Ambient Quality-Based Site Specific Standards: Regulation 31 allows adoption of “ambient
quality-based standards” where evidence has been presented that the “natural or irreversible
man-induced ambient water quality levels” are higher than the stream standard but are
determined adequate to protect classified uses. In this case, the Commission may adopt site-
specific chronic standards equal to the existing quality of the available representative data. Site
specific standards must be supported by a use attainability analysis (UAA) or other site-specific
analysis completed in accordance with EPA-approved methods or in accordance with
comparable procedures deemed acceptable by the Commission (paraphrased from Regulation
31, Section 31.7). Longevity plans must also be developed to support these standards.

In Colorado, UAAs resulting in changes of recreational use have occurred when the Division has
determined that no existing recreational uses are in place and that access and flow conditions
preclude future use.® In urban areas in Colorado, the potential for waterplay by children is a
factor that significantly limits relaxation of standards and use classifications for recreational use,
even if the standard is not attainable. EPA’s most current guidance for UAAs along with
examples from various states is provided at

. Section 7.2 of this Toolbox provides information on EPA’s
current guidance related to site-specific standards for E. coli.

o Discharger-Specific Variance (DSV): A variance to a water quality standard may be granted by
the Commission when certain criteria are met. A DSV is adopted as a water quality standard (as
opposed to a permit limit). DSVs are considered temporary and must be re-examined not less
than once every three years. A DSV is authorized only where a comprehensive alternatives

18 For examples, see CDPHE Use Attainability Library accessible at
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analysis demonstrates that there are no feasible alternatives that would allow for the regulated
activity to proceed without a discharge that exceeds water quality-based effluent limits. In
addition, an applicant for a variance must satisfy both of the following criteria:

i. Tests to Determine the Need for a Variance

= Limits of Technology: Demonstration that attaining the water quality standard is
not feasible because, as applied to the point source discharge, pollutant
removal techniques are not available or it is technologically infeasible to meet
the standard;

= Economics: Demonstration that attaining the water quality standard is not
feasible because meeting the standard, as applied to the point source discharge,
will cause substantial and widespread adverse social and economic impacts in
the area where the discharge is located. Considerations include such factors as
the cost and affordability of pollutant removal techniques; or

= QOther Consequences: Human caused conditions or sources of pollution prevent
the attainment of the use and cannot be remedied or would cause more
environmental damage to correct than to leave in place.

ii. Demonstration that the conditions for granting a temporary modification to the stream
standard are not met; or, if those conditions are met, determination by the Commission,
after considering the site-specific circumstances, that granting a DSV is preferable as a
matter of policy.

A limitation of a DSV is that it only applies to dischargers with numeric effluent limits assigned in their
CDPS permits. Most MS4 permits in Colorado rely on BMP-based approaches implemented to the
maximum extent practicable (MEP), as opposed to numeric effluent limits enforced at the end-of-pipe;
therefore, DSVs may not provide regulatory relief for MS4s. Additionally, although DSVs can be
renewed, they are considered temporary and require ongoing attention to maintain.

In other states, examples of site-specific standards using UAAs include temporary suspension of
recreational uses during high flows (e.g., Los Angeles, Kansas, New York) and in some cases for
ephemeral streams (e.g., Missouri, New Mexico). Additionally, EPA approved a wet-weather-limited
recreational sub-use category and corresponding numeric criteria that provides increased regulatory
flexibility in CSO-impacted areas in New York based on a UAA (EPA 2024).

For over a decade, California’s regulatory framework for FIB TMDLs has recognized that natural sources
of FIB can contribute to exceedances of water quality standards. A reference condition approach has
been integrated into water quality standards and FIB TMDLs. More specifically, streams and beaches
representing reference conditions (i.e., natural conditions) serve as the basis for allowable exceedance
days for WLAs assigned in TMDLs. Although a detailed discussion of this procedure is not repeated here,
the basic concepts for this approach include characterizing dry and wet weather exceedances of
numeric FIB standards in a natural reference area and allowing comparable exceedances in a TMDL
waterbody. An example outcome from the TMDL for Bacteria in San Pedro Creek and at Pacifica State
Beach (California Regional Water Quality Control Board San Francisco Bay Region 2012) is shown in
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Table 22. In this table, the second row of data shows the wet and dry weather exceedance days for the
Water Quality Objective (WQO) for freshwater and beach reference sites with the final row providing
the reduction target in days for the TMDL waterbodies. For more detailed information on this
procedure, see:

https://www.waterboards.ca.gov/sanfranciscobay/water issues/programs/TMDLs/pacificabacteria/Fina
19%620Staff%20Report.pdf

Table 22. San Pedro Creek and Pacifica State Beach TMDLs and Allocations Using the
Reference System (Table 8.3 from TMDL)
(Source: San Francisco Bay Regional Water Quality Control Board 2012)

Table 8.3. TMDLs and Allocations for San Pedro Creek and Pacifica State Beach
Expressed As Allowable Exceedances of Single-Sample Objectives
San Pedro Creek Pacifica State Beach
) . Summer Dry Winter Dry .
WcDa?hcr W':::trj:cr Weather (Apr. 1 | Weather (Nov. 1 W:;]:cr
to Oct. 31) to Mar. 31)
Number of Days (in critical 2
reference year 1994) 2 136 176 53 136
WQO Exceedance rate
(observed at the reference 1.6% 19% 0% 3% 22%
syslems)
Allowable Exceedances of
Smglc-l‘:mmp]lc Oby ectives 4 2% 0 2 30
{assuming daily sampling 1s
conducted) '
Allowable Exceedances of
Single-Sample Objectives
. C. 1 4 0 1 5

(assuming weekly sampling 15
conducted) *
Current Exceedances of
Smglc-l‘:mmp]c Objccln'c.s _ 14 14 ) 1 5
(assuming weekly sampling 15
cunduc[cd]j
Required Reduction in
Number of Exceedances of
Single-Sample Objectives 13 10 1 0 0
(assuming weekly sampling is
conducted)

1.  Allowable exceedances are calculated by the following equation: Allowable Exceedances = WQUO Exceedance rate in Reference
System(s) x Number of Days during each respective period in 1994

2. Consistent with the Santa Monica Bay Beaches Bacteria TMDL, and to end up with whole numbers, where the fractional
remainder for the calculated allowable exceedance days exceeds (0.1, then the number of days are rounded up.

3. The calculated number of exceedance days assumes that daily sampling is conducted.

4. To estimate the number of exceedance days duning the reference year given a weekly sampling regime, as practiced for
monitoring San Pedro Creck and Pacifica State Beach, the number of exceedance days were adjusted by solving for “X™ in the
following equation: X = (exceedance days x 52 weeks) / 365 days.

5. For Pacifica State Beach, the current exceedance rate 15 based on the “Linda Mar Beach #5357 monitoning station, where an
exceedance of any smgle-sample objective on any day counts as an exceedance. For San Pedro Creek, the exceedance rate is
based on the “Creek Mouth™ station located near the mouth of the creek, where an exceedance of any single-sample objective on
any day counts as an exceedance (see Table 8.1).
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In practice, reference waterbodies often do not meet the TMDL WLAs. Other cases where WLAs have
not been met include 1) streams and beaches in subwatersheds with >95% undeveloped open space, 2)
streams and beaches during dry weather where 100% of flows are diverted to the sanitary sewer or to
UV disinfection treatment, and 3) streams and beaches where several million dollars have been invested
in aggressive wet-weather controls. In cases where BMPs are not achieving the desired TMDL endpoint
and human sources of bacteria have been mostly controlled, communities may need to consider
developing the groundwork for a site-specific standard, as discussed in Section 7.3.

In the 2012 Recreational Water Quality Criteria (2012 RWQC), EPA provided three alternatives for
developing site-specific standards, which are further described in EPA’s Overview of Technical Support
Materials: A Guide to the Site-Specific Alternative Recreational Criteria TSM Documents (EPA 2014).
Detailed Technical Support Materials (TSMs) to further explain and provide guidance on each of these
alternatives are being developed by the EPA, with some TSMs now available. EPA generally describes
these approaches as:

1. alternative health relationships (“Epidemiological Studies”)
2. non-human fecal sources (“Quantitative Microbial Risk Assessment”)
3. alternative indicators and methods

Each of these alternatives is briefly summarized below, as described by EPA.*® From a practical
perspective, epidemiological studies are extremely costly and likely beyond the financial means of most
MS4s. To achieve regulatory modification to account for non-human sources of bacteria, QMRA is
expected to hold the most promise; therefore, additional practical steps for conducting a study to
support QMRA are provided in addition to EPA’s overview. A TSM document for the development of
alternative indicators and methods has already been published by EPA (2024), while detailed guidance
for the development of alternative health relationships through epidemiological studies and performing
QMRAs for non-human fecal sources have yet to be released.

Epidemiological studies have traditionally been used to describe the probability of illnesses associated
with exposure to recreational waters containing fecal contamination as measured by FIB. It is important
to note that the FIB do not necessarily cause illness. Instead, they are used to gauge the magnitude and
extent of fecal pollution in a waterbody. Epidemiological studies, with or without QMRA, could be used
to develop an alternative health relationship for a water quality metric. This alternative health
relationship could inform the basis of site-specific alternative criteria. EPA’s National Epidemiological
and Environmental Assessment of Recreational Water (NEEAR) epidemiological study was conducted in
water primarily impacted by human fecal contamination, with the exception of one site that was
impacted by urban runoff (EPA 2010b; Wade et al. 2006, 2008, 2010). Statistically significant
associations between water quality, as determined using EPA’s Enterococcus spp. quantitative
polymerase chain reaction (qPCR) Method 1611 (EPA 2012b), and reported Gl iliness were observed in
the temperate marine and freshwater beaches impacted by WWTPs. In the U.S., other agencies have

19 Text adapted from EPA (2014) Overview of Technical Support Materials: A Guide to Site-Specific Alternative
Recreational Criteria TSM Documents.
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also conducted recreational water epidemiological studies. For example, epidemiological studies of
recreational water exposures have been conducted in Southern California (Colford et al. 2012), Southern
Florida (Fleming et al. 2006, 2008; Sinigalliano et al. 2010), and Ohio (Marion et al. 2010). As one
example focused on wet weather sources, the Southern California Coastal Water Research Project
(SCCWRP 2016) Surfer Health Study (Technical Report 943) included a three-year investigation into
illness risks associated with surfing during wet-weather conditions in San Diego. The study integrated
epidemiology, water-quality monitoring, and QMRA to quantify the relationship between pathogen
exposure and gastrointestinal iliness to identify the illness rates of surfers at beaches in the San Diego
area during wet weather. This study provided one of the first empirically grounded demonstrations that
wet-weather surfing in Southern California carries a substantially increased risk of gastrointestinal
iliness, directly linked to stormwater-borne pathogens (Schiff et al. 2016; Layton et al. 2015).

Several factors can influence the potential epidemiological relationship between indicator density and
the potential for human illness. Some of the potentially important factors include the source of fecal
contamination, age of the fecal contamination, solar radiation, water salinity, turbidity, dissolved
organic matter, water temperature, and nutrient content. Additionally, numerous factors also affect the
occurrence and distribution of FIB and pathogens, including but not limited to: predation of bacteria by
other organisms; differential interactions between microbes and sediment, including the release and
resuspension of bacteria from sediments in the water column; and differential environmental effects on
indicator organisms versus pathogens (EPA 2010b; WERF 2009).

States or local agencies may choose to conduct epidemiological studies in their waterbodies and use the
results from those studies to derive site-specific alternative criteria. To derive scientifically defensible
alternative water quality criteria for adoption into state standards, ideally the epidemiological studies
should be rigorous, comparable to those used to support the 2012 RWQC, and peer reviewed. However,
smaller scale epidemiological studies may also provide a scientifically defensible foundation for
alternative criteria. Additionally, QMRA (see Section 7.3.2.1) can enhance the interpretation and
application of new or existing epidemiological data (Boehm et al. 2009; Dorevitch et al. 2011; Soller et
al. 2016). QMRA can supplement new or existing epidemiological results by characterizing various
exposure scenarios, interpreting potential etiological (disease causing) drivers for the observed
epidemiological results, and accounting for differences in risks posed by various types of FIB sources.
The additional insights QMRA can provide in these situations may help inform site-specific alternative
water quality criteria development.

In addition to being used for source identification (described in Section 2.3.2), advanced MST tools (i.e.,
human markers) can be used to demonstrate the absence (or near absence) of human fecal
contamination in a receiving water, which is a prerequisite for QMRA eligibility (Figure 25). To perform
QMRA, human markers (e.g., HF183) may be used in combination with the direct measurement of
pathogens (either by culture or advance molecular methods) to quantify the risk associated with water
contact recreation. Estimated illness rates are calculated using concentrations of markers and pathogens
along with dose-response relationships and exposures estimates. The outcome of this process could
lead to alternative water quality criteria that are equally protective of human health.

This section provides an overview of EPA’s guidance regarding the use of QMRA for developing site-
specific standards, along with additional practical guidance (at an overview level) for communities that
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eventually may be considering a QMRA study or want to develop a conceptual-level understanding of
the process.

Figure 25. QMRA Candidate Waterbodies
(Source: Steets et al. 2013, based on Soller et al. 2014)

At 126 MPN/100mLE. coli:

Allowable Rate (36/1000)

HCGI llIness Risk
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for QMRA
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0% 10% 50% 100%
Percent Human

EPA’s 2012 RWQC were developed to be protective of the primary contact recreational designated use
for waterbodies affected by any source of fecal contamination. The 2012 RWQC were informed by
studies conducted in WWTP effluent-impacted waters. Because the pathogens in human feces are highly
infectious to other humans, EPA believes that developing criteria recommendations based on these
studies represents a prudent and health protective benchmark. However, there are scenarios of
contamination from non-human sources and non-fecal sources of FIB that potentially present markedly
different probability of illness relative to human sources. QMRA can be used as a basis to develop site-
specific alternative criteria, where sources are characterized predominantly as non-human or non-fecal
(EPA 2009).

EPA’s research indicates that understanding the predominant source of fecal contamination could help
characterize the human health risks associated with recreational water exposure. QMRA studies have
demonstrated that the potential human health risks from human and non-human fecal sources could be
different due to the nature of the source, the type and number of human pathogens from any given
source, as well as variations in the co-occurrence of pathogens and fecal indicators associated with
different sources (Till and McBride 2004; Roser and Ashbolt 2006; Ashbolt et al. 2010; Schoen and
Ashbolt 2010; Soller et al. 2010b; Wuertz et al. 2011; Soller et al. 2016). Further, research demonstrates
that swimming-associated illnesses can be caused by different pathogens, which depend on the source
of fecal contamination. For example, in human impacted recreational waters, human enteric viruses
appear to cause a large proportion of illnesses (Soller et al. 2010a). In recreational waters impacted by
gulls and agricultural animals such as cattle, pigs, and chickens, pathogenic bacteria and protozoa are
the likely etiologic agents of concern (Roser and Ashbolt 2006; Schoen and Ashbolt 2010; Soller et al.
2010b). The relative level of predicted human illness in recreational waters contaminated by non-human
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fecal sources can also vary depending on whether the contamination is direct or via runoff due to a
storm event (Soller et al. 2010b; EPA 2010a; De Man et al. 2014; Soller et al. 2014; Sunger and Haas
2015).

As of 2025, no QMRA-derived site-specific recreational criteria are known to have been approved by
EPA, despite initiated case studies in some areas. For example, two QMRA test cases were conducted in
Southern California: Inner Cabrillo Beach in Los Angeles and Tecolote Creek in San Diego. SCWWRP led
the Cabrillo Beach study, with the objective to conduct a QMRA at a California marine beach to establish
a case study precedent for technical QMRA implementation. A goal of this case study was to ensure a
sufficient technical foundation was built to support policy discussions and decision making for creating
FIB site-specific water quality objectives or TMDL numeric targets based on quantified swimmer health
risk (Schiff et al. 2019). In 2016, the study began with a rigorous source identification study that found
that human fecal contamination sources were present too frequently to apply a QMRA approach.
Repairs to sanitary sewer infrastructure were completed in the Port of Los Angeles in an effort to reduce
human sources, but it was subsequently determined that low level, diffuse human sources persisted,
even with those repairs.

For the Tecolote Creek case study that the City of San Diego began in 2013, human sources were also
too prevalent to proceed with QMRA. Monitoring data collected between 2013-2016 indicate FIB in the
creek are likely from human sources. Information in the California Water Boards Report Card for the
creek indicate that source investigation and abatement such as sewer main replacement are underway
(California Water Boards 2020). Completion of corrective actions and abatement of human sources of
bacteria are needed for QMRA to proceed.

In addition to these two California studies, various studies are also occurring in other parts of the
country such as in Florida where QMRA is being used to refine understanding of recreational risk based
on sources of FIB; however, standards have not been revised based solely on QMRA (Gitter et al. 2023).

To derive site-specific alternative criteria that are considered scientifically defensible and protective of
the designated use, QMRA studies should be well documented, transparently presented, follow
accepted practices, and rely on scientifically defensible data. A sanitary characterization can provide
detailed information on the potential source(s) of fecal contamination in a waterbody to determine
whether the predominant source is human or non-human. EPA developed a QMRA-specific sanitary
survey application, which could be included in a sanitary characterization, to capture information
directly applicable to a QMRA. At sites where non-human sources predominate, QMRA can be used to
determine an alternate enterococci or E. coli criteria value that is equally protective of human health
compared to the recommended 2012 RWQC. Fundamental to this approach is a thorough understanding
of the potential sources of fecal contamination impacting a waterbody.

In 2024, EPA published “Technical Support Materials: Developing Alternative Recreational Criteria for
Waters Contaminated by Predominantly Non-Human Fecal Sources.” The TSM supports the
implementation of the EPA’s 2012 Recreational Water Quality Criteria using QMRA to derive site-specific
alternative water quality criteria for ambient recreational waters where the predominant contamination
is from non-human fecal sources. The TSM is highly technical and targeted to risk assessors and those
who prepare or review water quality standards packages. Concepts considered in the guidance include
exposure scenarios, reference pathogens, QMIRA parameters such as dose-response functions,
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information on risk characterization and other information. The TSM describes the scientific basis and
process for developing alternative water quality criteria that are considered scientifically defensible and
protective of the primary contact recreational designated use at the same level of health protection as
the 2012 Recreational Wate Quality recommendations (EPA 2024). The TSM also includes example case
study calculations and computer code (in Python and R) to perform the QMRA calculations. The TSM
provides guidance on three key questions, corresponding to the process shown in Figure 26:

=  Are the predominant fecal contributions to the site from non-human sources?

e What is the potential risk from recreational exposure to feces-associated waterborne pathogens
at the site?

e How do | calculate alternative criteria to ensure that the proposed site-specific criteria are
protective of the primary contact recreational designated use?

June 2026 Colorado E. coli Toolbox 124



¢ |dentify fecal sources
* How: Sanitary Survey (see Appendix B).
* Decision Point: Is there clear evidence that nonhuman fecal sources
impact and possibly dominate the waterbody?

* Collect water quality information
® How: Water Quality Study (see examples in Appendix C).
® Decision Point: Are nonhuman fecal contamination sources
confirmed to be affecting the waterbody?

~N

¢ Evaluate human health risks
* How: “forward” QMRA.
® Decision Points:
* How do the water quality and illness estimates compare to the
water quality and illness targets of the applicable WQ5?
* Does this information support deriving alternative water quality
criteria for the waterbody? /

[~ Derive alternative water quality criteria

® How: Calculate GM, statistical threshold value (STV) and beach
action value (BAV) corresponding to health-based goal using
“reverse” QMRA.

Decision Points:

* Are the decisions and risk assessment assumptions transparently
documented?

* Determine the magnitude, duration, and frequency elements to be
included in the criteria.

* Are the proposed criteria scientifically defensible and protective of
the designated use? /

Figure 26. Flow Diagram for Considering QMRA in Developing Site-specific Alternative Criteria
(Source: EPA 2024)

Although Colorado is not currently actively engaged in developing such site-specific criteria, some of the
concepts described in the TSM are nonetheless useful for TMDL implementation planning and
communicating relative risk to the public. For example, EPA’s introduction to the TSM explicitly
recognizes the limitations of a “one size fits all” approach to recreational water quality criteria and
acknowledges different levels of human health risk, depending on sources. EPA (2024) states:

A key recommendation from the Expert Workshop was to develop more flexible
recreational water criteria because “one size fits all” criteria would be inadequate
for both public health protection and Clean Water Act (CWA) compliance
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activities (U.S. EPA, 2007a,b). There is recognition that a single indicator
measured to gauge water quality may derive from many sources (i.e., humans,
animals [agricultural and wildlife], and environmental) and the health risks to
humans vary depending on which of these sources is contributing to the indicator
being measured and the pathogens that can cause illness. Public health warning
systems based on the single indicator approach do not provide an equal level of
health risk protection in all recreational waters. Notification and remediation
activities, such as beach postings, listings, and total maximum daily load (TMDL)
determinations, are not necessarily focused on the recreational waters
representing the greatest potential health risk. These activities occur in
recreational waters where indicator levels exceeding standards can result from
“natural” or environmental sources and processes (U.S. EPA, 2007b).

QMRA is generally considered a potentially useful approach in moderately urbanized watersheds where
significant compliance efforts have already been implemented and where initial source tracking results
demonstrate an absence (or near absence) of human fecal contamination. Streams that are relatively
close to meeting TMDL WLAs and underlying EPA RWQC and which have had investments previously
directed to controlling anthropogenic sources are considered potentially good candidates for QMRA as
described in Figure 26.

The general premise of QMRA is based on concepts of equivalent risk and the fact that risk varies based
on sources of FIB. If the sources of FIB are relatively low risk, then a higher (less restrictive) water quality
standard for FIB can be implemented while still protecting human health. Risk is based on exposure and
potency. Exposure includes concentration of pathogens and ingestion rate, whereas potency is based on
documented dose-response rates of illness in published literature. Simply described, the key steps
involve:

1) Monitoring for both FIB and pathogens to develop a data set suitable for conducting QMRA.

2) Calculating expected illness rates associated with measured pathogen concentrations using
QMRA methods.

3) Comparing calculated illness rates to EPA’s tolerable illness levels (TILs) (e.g., 36 illnesses/1,000
exposures).

4) Either determine existing FIB levels are acceptable (delist the impairment) or develop site-specific
criteria to match the tolerable illness levels

For examples of QMRA studies, see Rijal et al. 2011, Petropolou et al. 2008, Soller et al. (2010b), Schoen
(2010), Ashbolt et al. (2010), Wuertz et al. (2011), Soller et al. (2016), Schiff et al. (2016) and others.

Communities considering QMRA should be aware that the identification of human sources of FIB during
step 1 can be an unanticipated finding that causes a QMRA study to be abandoned, at least until human
sources are removed. There are multiple examples of sanitary surveys where human sources have been
found in storm drain systems. For example, Sercu (2009, 2011) identified leaking sanitary sewer lines
into storm drains as sources of human markers in Santa Barbara, California. A study by Sauer (2011)
identified human markers in at least one sample collected at all 45 outfalls monitored in a Milwaukee
study. In Los Angeles, human markers were detected in half of Los Angeles River dry weather storm
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drain samples (CREST 2008). Divers (2013) and Bradbury (2013) found leaking sewers to be pervasive in
Pittsburg, Pennsylvania and Madison, Wisconsin, respectively. Recent source tracking studies performed
in multiple California watersheds including Cowell Beach in Santa Cruz, California (Russell et al. 2013),
Doheny State Beach in Dana Point, California (Layton et al. 2015), and the Monterey Bay region
(Schriewer et al. 2010) have detected human markers in samples collected from the surf.

For communities considering QMRA for purposes of an alternative recreational water quality standard, a
potential cost range for a single stream reach or beach site could be on the order of $1,000,000 to
$2,000,000 for precedent-setting studies. Costs would vary depending on the number of sample
locations included and whether the study addressed both wet and dry weather conditions. It is expected
that costs may decrease as regulator comfort level grows, and the number of laboratories and
consultants experienced in performing these studies grows.

A full QMRA to develop alternative criteria approved by a regulatory agency would be costly, likely
requiring hundreds of samples over multiple years. In contrast, a QMRA "Screening" Study could allow
for health risk estimates to be made at a much lower cost, but without the step of seeking regulator
review and approval. Such health risk estimates could be used to communicate actual recreational risks
with the public, show regulatory agencies, NGOs, and other parties that MS4s are being proactive in
protecting public health, and shed light on the viability of a full QMRA in the future.

EPA anticipates that scientific advancements will provide new technologies for enumerating fecal
pathogens or FIB. New technologies may provide alternative ways to address methodological
considerations, such as rapidity, sensitivity, specificity, and method performance. As new or alternative
indicator and/or enumeration method combinations are developed, states may want to consider using
them to develop site-specific alternative criteria for adoption in water quality standards (WQS) or as the
basis for notification when a state does not plan to modify existing WQS. The TSM, Site-Specific
Alternative Recreational Criteria Technical Support Materials for Alternative Indicators and Methods,
describes a process for comparing enumeration methods that may allow users to take advantage of the
rapid and continuing advancements in the science of microbial water quality.

New methods and additional improvements to currently available methods, platforms, and chemistries
may also be developed in the future. Examples of possible alternative indicators include, but are not
limited to Bacteroidales, Clostridium perfringens, human enteric viruses, and coliphages. These possible
alternative indicator organisms could be used with new methodologies or methodologies similar to
those recommended by the 2012 RWQC. For example, in one case, Bacteroidales measured by gPCR
were highly correlated with Enterococcus spp. and E. coli when either culture-based methods or gPCR
methods were used (Wuertz et al., 2011). The pathogens norovirus Gl and Gll have also been shown to
be predictors of the presence of other pathogens such as adenovirus measured by gPCR (Wuertz et al.,
2011).

Coliphage (viruses that infect E. coli) continue to be evaluated by the EPA as an alternative indicator of
fecal contamination due to their fate and transport properties that may be more similar to human
viruses in the environment (

). As an example, Price, Blackwell and Noble (2023) compared
EPA-approved coliphage detection methods (Method 1642) with molecular MST markers (including
HF183) and FIB in recreational waters. The research assessed how well viral indicators and quantitative
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MST methods perform under stormwater-influenced conditions. Results showed that correlations
between coliphages, FIB, and MST markers were weak, and that EPA Method 1642 is cumbersome and
may be poorly suited for stormwater-dominated systems.

If a state adopts WQS using alternative indicator/method combinations, EPA will review those
standards, including any technical information submitted to determine whether such standards are
scientifically defensible and protective of the primary contact recreation use. Due to the highly technical
nature of the alternative indicators discussion, readers are directed to EPA’s 2014 TSM on this topic

(
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Reduction of E. coli loading in urban areas is challenging and costly. This Toolbox was developed to
support communities, particularly MS4s, working towards attainment of instream recreational water
quality standards by providing a concise overview of regulations driving TMDLs and MS4 permit
conditions and then focusing on approaches to understanding sources of E. coli, potential non-structural
and structural BMPs, and regulatory alternatives, particularly those resulting from EPA’s 2012 update of
its Recreational Water Quality Criteria. A summary of key points from this Toolbox includes:

1. There are many potential sources of E. coli in urban areas. In order to effectively control these
sources and select appropriate abatement practices, it is important to develop a reasonable
understanding of sources. In urban areas, the highest priority from a human health risk perspective
is human sources, particularly persistent leaking sanitary infrastructure.

2. Tools for identifying sources of E. coli have expanded as communities around the country have
gained experience implementing E. coli TMDLs. These tools range from relatively simple techniques
to advanced microbial methods. Some of the advanced methods, though relatively expensive, have
become more accessible for use to quickly determine whether human sources of fecal pollution are
present so that follow-up actions are better targeted to the source(s).

3. The foundation of E. coli load reduction plans is source controls, which are non-structural measures
that help to reduce the E. coli source and/or flow sources that are transporting E. coli to the storm
drainage systems. Effective implementation of source control practices typically involves
coordination with multiple local government departments and public outreach.

4. Structural stormwater practices, such as those described in Volume 3 of the Urban Storm Drainage
Criteria Manual, are key tools to help reduce E. coli loading in urban runoff. Because existing
performance data indicate that consistent attainment of primary contact limits at outfalls from
BMPs is unlikely, volume reduction is a key approach for bacteria load reduction. Green
infrastructure approaches should be considered. Other BMP types with performance data indicating
potential ability to reduce E. coli concentrations include retention (wet) ponds, media filters,
bioretention facilities and subsurface flow wetlands. Site-specific constraints, cost and sustainability
(ability to maintain over time) affect selection of BMPs suitable for any particular site.

5. Active treatment, either through diversion of dry-weather low flows to the sanitary sewer system or
active disinfection (e.g., UV) at the end of pipe, is generally a last resort for controlling E. coli
discharges to receiving waters. This approach is impractical at a watershed scale with many outfalls.

6. EPA’s 2012 update of its Recreational Water Quality Criteria resulted in several options for site-
specific recreational water quality standards. Although application of these approaches requires
significant technical expertise, the potential eventual application of these approaches is an
important consideration for communities.

7. Research projects in Colorado that may be good candidates for coordinated regional collaboration
include:

a. Additional BMP performance monitoring for current MHFD-recommended BMP designs and
other innovative designs.

b. Characterization of instream concentrations and standards exceedance frequencies in
reference (natural) watersheds along the Front Range.
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= Continued sharing of lessons learned among individual permittees such as through the Colorado
E. coli Symposium hosted by Colorado Stormwater Council in 2019.
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The 2016 E. coli Toolbox included two sections providing a detailed discussion for design considerations
for biofilter (bioretention/media filter) enhancement and subsurface flow wetlands. Because these are
both research-level topics, they have been moved to an appendix for the 2026 update of this Toolbox.
Media research continues in Colorado at the CSU SPUR campus and nationally as described in Section
5.1.3 of this Toolbox. Subsurface flow wetlands are not currently likely to be implemented in Colorado
so this discussion has also been moved to an appendix. Update of these sections was beyond the scope
of the 2026 Toolbox update; however, the discussions below still contain useful information.

Biofilter enhancements include media selection, vegetation type, outlet controls and incorporation of a
saturated zone. The Facility for Advancing Water Biofiltration (FAWB) at Monash University in Australia,
developed guidance for advanced biofilter implementation (FAWB, 2009). FAWB was integrated into the
CRC for Water Sensitive Cities (CRCWSC), which published updated the “Facility for Advanced Water
Biofiltration: Stormwater Biofiltration Systems Adoption Guidelines” in 2022

( ).

Information provided in the 2016 E. coli Toolbox is provided below for convenience, but the most
current version of the guidance should be reviewed for potential changes.

Specialty media components currently being researched to determine their effect on biofilter FIB
performance include metal-oxide coated sand, organosilane, zeolite, and biochar. Metal-oxide coated
sands are not recommended due to Mohanty et al. (2013) raising concerns of fouling with the presence
of NOM and remobilization of bacteria, as well as the potential for this media to export metals and
toxicity. Organosilane is not recommended due to observed rapid fouling by Torkelson et al. (2012).
Additional testing is required to determine the effectiveness of these media and necessary precautions
to reduce maintenance and export of other pollutants. Zeolite is a natural mineral that has been shown
to reduce FIB concentrations below recreational objectives in studies by Mwabi et al. (2012) and
Prabhukumar (2013). Zeolite also reduced other pollutants such as metals and nutrients due to its ion
exchange capability (Pitt and Clark 2010). The lab study performed by Mohanty et al. (2014) evaluated
biochar for FIB removal and found consistent reduction in effluent concentration, but effluent
concentrations were not consistently below recreational objectives, which may have been due in part to
unrealistically high influent concentrations (1.2 — 1.7 x 108 cfu/mL). The same study also found biochar
has the potential to enhance other methods of treatment. Unlike other advanced media, biochar was
less affected by the presence of NOM and was found to reduce the remobilization of FIB (Mohanty et al.
2014). Mohanty and Boehm (2015) also found that in biochar-augmented sand filters, dry-wet cycles
(i.e., dry periods between storms) improved FIB reduction. The FAWB recommends keeping nutrients
low to avoid leaching and a media depth range between 16 and 24 inches (FAWB 2009). MHFD’s
recommendation of 18-inch media depth (MHFD 2015) aligns well with recommendation.
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In addition to media mixture recommendations, Chandrasena et al. (2012a) found in a laboratory study
that the species of vegetation provided in the media also affects FIB removal. While the difference was
not statistically significant, they found that Lomandra longifolia (basket grass) showed better FIB
removal than C. appressa (tall sedge). Previous studies had shown the opposite relationship when
treating for nutrients (Bratieres et al. 2008, Read et al. 2008). These findings indicate that preferable
plant traits may differ when targeting various pollutants. Additionally, Chandrasena et al. (2012b)
hypothesized that the creation of macropores and other changes in the soil structure may have resulted
in improved performance. They also hypothesized that specific species may produce antibiotic root
exudates within the submerged zone that may increase overall removal of FIB. Given the importance of
using drought-tolerant plants in Colorado, it may be worthwhile to conduct research to determine how
FIB removal may be affected by choice of plants.

The FAWB recommends contacting local plant experts to identify suitable species that promote
pollutant removal and infiltration, are drought tolerant, include extensive root structures that penetrate
through the entire filter depth, include dense linear foliage, are non-invasive and meet other climate-
specific requirements. Although extensive root depth promotes infiltration, it is important to note that
the root depths should be limited to the filter media depth and not extend into the drainage layer,
which could clog the underdrain. FAWB also recommends selecting a variety of species to increase
system robustness and selecting vegetation that is hardy and tolerant of infrequent wetting in the area
farthest from the inlet and vegetation capable of tolerating frequent inundation near the inlet.

To provide adequate contact time between the stormwater runoff and the media, it is necessary to
provide outlet control at the discharge. When providing outlet control, the flowrate through the media
alone (controlled by media conductivity) should be greater than the flowrate through the outlet so that
the media is not limiting flow through the BMP. Additionally, adding outlet control allows for the
selection of larger media particles, with larger pore spaces that will likely reduce clogging frequency and
maintenance requirements. The available literature on FIB removal from stormwater includes data on
biofilters with contact times from approximately 5 minutes (Li et al. 2014a, Passeport et al. 2009) to over
2 hours (Hunt et al. 2008 , Mohanty et al. 2014) including different media mixtures and outlet
configurations. Overall, the available literature show a positive correlation between treatment of FIB
and contact time. Pitt and Clark (2010) found that good removal of most pollutants can be expected
from a system with approximately 10 to 40 minutes contact time. MHFD’s bioretention design criteria
are based on a 12-hour drain time (MHFD 2015). Additional research is needed to better understand the
relationship between contact time and FIB removal in advanced biofilters.

Recent published studies have also shown that the presence of a fully saturated zone or internal storage
zone, which will also result in increased contact time, can improve treatment of FIB (Passeport et al.
2009; Chandrasena et al. 2014; Li et al. 2012; Roseen and Stone 2013; Rippy 2015). The saturated zone is
created in the BMP by raising the outlet elevation by approximately 12 to 18 inches from the bottom of
the BMP drainage layer (FAWB 2009) to create a permanently saturated zone below this elevation (i.e.,
after the storm, the captured water will drain through the elevated outlet, leaving 12 to 18 inches of
saturated media or gravel between storms).
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Li et al. (2012) found that extended drying, resulting in decreased soil moisture, likely led to increased
porosity and less optimal biofilm functionality resulting in less FIB reduction. Conversely, the presence of
a saturated zone and a carbon source (e.g., wood chips, pea straw, etc.) maintained optimal E. coli
removal after antecedent drying periods. Rippy (2015) cautions that the carbon source should be
selected to minimize the export of dissolved organic matter, which may reduce FIB reduction in
biofilters. Rippy suggests newspaper, wood chips, and sulfur-limestone as suitable carbon sources that
release low concentrations of total carbon.

Additional data and field studies are required to conclusively evaluate the benefits of a saturated zone
for purposes of FIB reduction. The only field experiment of the studies referenced above is Passeport et
al. (2009) for two grassed bioretention cells with internal water storage zones in North Carolina. The
results of this field study showed that three of the four samples from one cell and one of the seven
samples from another cell exceeded the EPA standard limit of 200 cfu/100 mL for fecal coliform (influent
concentrations for both cells ranged from 220 to greater than 20,000 cfu/100 mL).

In summary, the FAWB recommends a saturated zone of 12 to 18 inch thickness (preferably 18 inches),
including a mix of medium to coarse sand and carbon mix or fine gravel and carbon (carbon source = 5%
mulch and 5% hardwood chips).

Water Rights and

Subsurface flow wetlands are engineered, below-ground treatment Wetlands in Colorado

wetlands that include many of the natural treatment processes of surface

flow constructed wetlands as well as the filtration mechanisms of media Constructed wetlands
filters. Water flows through a granular matrix, which typically supports the | in Colorado typically
growth of emergent wetland vegetation on the surface. The matrix require a water right.

provides a significant surface area for the filtration of particulate-bound
constituents and the growth of bacterial biofilms that metabolize and degrade pollutants. Due to the
low flow rates required for treatment, an equalization basin is typically needed upgradient of the
wetlands to handle peak flows and provide a near constant discharge to the facility, as well as provide
solids removal to reduce maintenance frequency and associated cost for the subsurface flow wetland.

Currently, no subsurface flow wetland performance studies for FIB are included in the BMP Database;
however, published research is available that suggests that subsurface flow wetlands may be effective at
reducing FIB (Kadlec and Knight 1996, EPA 1993, Puigagut et al. 2007, Sleytr 2007, Edwards et al. 1993,
Geosyntec 2010, Hathaway et al. 2008). Implementation of a subsurface flow wetland requires a
consistent supply of water (and adequate water rights) to maintain aerobic conditions and support
vegetation health; continuous water supply may not be available in all settings, particularly in semi-arid
and arid climates. Additionally, adequate land area for equalization basins is needed. Subsurface flow
wetlands are a treatment alternative often considered in Southern California TMDL plans (Geosyntec
2009, Peninsula WMG 2015). These plans show the typical cost for subsurface flow wetlands ranging
from $40,000 to $68,000 per acre treated (including the cost of the equalization basin).
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Figure A-1. Conceptual Subsurface Flow Wetlands
(Source: Geosyntec 2015)
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