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Recreational beneficial uses in the Los Angeles River (LAR) are impaired due to elevated 
concentrations of fecal coliform and E. coli. To assist with identification of bacteria sources to the LAR 
and thereby guide implementation of the LAR Bacteria Total Maximum Daily Load (TMDL), which is 
being developed by the Los Angeles Region - Regional Water Quality Control Board (RWQCB), the 
Cleaner Rivers through Effective Stakeholder-led TMDLs (CREST) stakeholder group has proposed to 
conduct a Bacteria Source Identification Study (BSI Study). The overall goal of the BSI Study is to 
improve the likelihood of success for bacteria source control efforts associated with implementation of 
the LAR Bacteria TMDL, in order to prioritize the types and locations of TMDL implementation 
actions. It is envisioned that the BSI Study will be based on the application of “source tracking”  methods 
which are used to quantify the relative contribution of host-specific (i.e. human versus non-human) 
inputs in collected water samples. Even though these source tracking methods continue to evolve and 
have recognized limitations, given the exorbitant expenses associated with diversion and/or treatment of 
runoff, and the multitude of outfalls that drain to the LAR, it is economically sensible to conduct the BSI 
Study in order to direct bacteria control efforts towards the highest-impact sources.  

Long-term monitoring data reflect dry weather spatial patterns consistent with strong bacteria sources 
impacting the LAR along Reach 2 and Reach 4, with the upstream portions exhibiting concentrations 
well below water quality objectives (WQOs) while downstream concentrations exceed objectives.  In 
addition, Reach 6, while it has the lowest flow rates, typically exhibits the highest bacteria 
concentrations of all LAR reaches. Control of the sources to these reaches will be one of the major 
challenges associated with the implementation of the LAR Bacteria TMDL. The bacteria sources to 
Reach 2, 4 and 6 also impact downstream portions of the LAR, and thus if best management practices 
(BMPs) could be successfully implemented to control these inputs, then downstream reaches would 
have a higher likelihood of meeting WQOs. Targeted monitoring by the CREST stakeholder group in 
the summer of 2006 using fecal coliform and E. coli was unable to identify the inputs that are 
responsible for the bacteria loading to Reach 2 and 4, as results suggested that storm drain discharges 
and tributaries were responsible for only a small portion of the loadings that contributed to the regularly- 
observed bacteria concentration increases in the LAR.  

This working-document proposes an overall conceptual approach for the BSI Study, including 
recommendations for source tracking methodology and field methods. The CREST stakeholder group, 
with assistance by the Working Technical Group and Technical Advisory Committee, will refine this 
study through an interactive review process. Based on published scientific reviews, source tracking 
methods comparison studies, guidance documents, and experience gained during previous source 
tracking efforts, this document recommends mass-balance snapshots with traditional indicators, along 
with analysis of samples with a “human toolkit”  based on quantitative assays for host-specific 
Bacteroidales and human-specific viruses. It is anticipated that the data gathered by monitoring the LAR 
with this toolkit will provide insight into the sources of bacteria responsible for WQO exceedances, 
indicate inputs that are most impacted by human discharges, and assist with implementation of BMPs. In 
this document, options and costs associated with a varying number of monitoring events and possible 
follow-up analysis are presented for Phase I, which targets Reach 2 and 4, but also includes Reach 6, 
during dry weather in 2007. After every three events, the CREST stakeholder group will be updated 
regarding the data collected to date. At the end of the study, if stakeholders are satisfied with the results 
of Phase I of the BSI Study and find source tracking information to be useful, then a Phase II may be 
developed to target other areas of the LAR and other hydrologic conditions, possibly including storm 
events. 
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Several reaches of the Los Angeles River (LAR) are listed on California’s 2006 Clean Water Act 
Section 303(d) list as impaired for water contact recreational beneficial uses (REC-1) by fecal 
coliform bacteria.  An LAR Bacteria Total Maximum Daily Load (TMDL) is being developed by 
the Los Angeles Region - Regional Water Quality Control Board (RWQCB) with assistance 
from the Cleaner Rivers through Effective Stakeholder-led TMDLs (CREST) stakeholder group. 
In order to provide additional information that will assist with development of the TMDL, 
several special studies have been proposed by CREST, including a Bacteria Source Identification 
(BSI) Study. This Conceptual Approach Report proposes an overall approach to the BSI Study, 
including:  

·  Study objectives and general questions that are sought to be answered; 

·  Results from previous monitoring efforts, which can be used to highlight specific LAR 
impairments and remaining questions regarding unknown bacteria sources; 

·  Synopsis of methodologies that are available to characterize the source(s) of bacteria (i.e. 
human versus non-human), published source tracking methods comparison studies, and 
recommendations; 

·  Recommendations regarding sites that might be selected for monitoring and appropriate 
frequency of monitoring; and 

·  Estimated costs and options associated with the proposed overall study design. 
It should be noted that this document is meant to be a work-in-progress, and stakeholder input is 
requested regarding each component of this conceptual approach. If consensus is reached among 
stakeholders, including the Working Technical Group, regarding the overall approach to the BSI 
Study, and the Technical Advisory Committee finds the approach to be scientifically-sound, then 
a Sampling and Analysis Plan (SAP) will be developed that details monitoring site locations, 
analytical methods, field methods, etc.  
 

#!�� � � " $�� %&� � � � � � ' �

The overall goal of the BSI Study is to improve the likelihood of success for bacteria source 
control efforts associated with implementation of the LAR Bacteria TMDL. That is, the study is 
designed to assist with prioritization of the types and locations of TMDL implementation actions. 
Compliance with bacteria WQOs in highly urbanized watersheds can be a daunting challenge, as 
bacteria sources are often the result of non-point inputs (e.g. domestic pets, wildlife, losses from 
wastewater collection systems, failing septic systems, etc.) that are difficult to identify and 
resolve.  Some of this challenge is due to the fact that WQOs are based on enumeration of 
traditional “ indicators”  such as E. coli and fecal coliform, which can be derived from practically 
any warm-blooded animal (humans, dogs, birds, etc.). Within the past decade, “source tracking”  
methods have been developed to quantify host-specific (human, dogs, birds, etc.) bacteria 
contributions in collected water samples and assist with bacteria source identification.  
 
The BSI Study will be designed to utilize source tracking methods to quantify the relative 
impacts of bacteria sources on the LAR and its tributaries, by discriminating amongst different 
source types to evaluate if sources are human or non-human. The results of the BSI Study can be 
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used to inform TMDL development and, more importantly, answer fundamental questions to 
assist with implementation of the LAR Bacteria TMDL including: 

1) (a) Are storm drains and tributaries responsible for the significant bacteria loads entering 
the LAR and causing WQO exceedances? 
(b) Which storm drains and/or tributaries are contributing the highest indicator bacteria 
loads to the LAR? 

2) (a) Are human or non-human sources responsible for the significant bacteria loads 
entering the LAR?   
(b) And how does human and non-human loading from storm drains and tributaries 
compare to loading to the LAR? 

3) Which runoff sources (e.g. specific storm drain or tributary discharges) or areas exhibit 
the highest human fecal discharges? 

4) What are the land uses and drainage areas of the subwatersheds that are draining to the 
most problematic storm drain outfalls?  

 

( !�� � ' � � � ' � 	 � � ) �* � � � � � � ' � � � � � � � � � �+ � � � � � � � � , � � 	 	 � � � ' �

There are numerous ongoing, long-term monitoring programs that regularly collect bacteria 
samples along the LAR and its tributaries, as outlined in Table 1. The monitoring site locations 
for these programs are shown in Figure 1. In addition, there have been a multitude of short-term 
bacteria monitoring efforts conducted along the mainstem LA River in the recent years, 
including the following: 

·  “Snapshot”  monitoring events conducted by the Southern California Coastal Water 
Research Project (SCCWRP) in September 2000 and July 2001(Ackerman et al., 2003); 

·  Monitoring conducted by the Friends of the LAR (FoLAR) in 2003 and 2004; 

·  Monitoring events conducted by the Southern California Marine Institute (SCMI) from 
1999 to 2006; 

·  Tier 2 source assessment monitoring along Reach 2 and 4 conducted by CREST 
stakeholders during the summer 2006 (CREST, 2006).  

Each of these monitoring efforts has provided important data that will be used to gain insight into 
the bacteria impairments of the LAR during the Data Analysis component of the CREST TMDL 
Work Plan. With regards to the BSI Study, the datasets that are perhaps most relevant are those 
collected by the City of LA Status and Trends (long-term, ongoing) and CREST Tier 2 (short-
term, completed) bacteria monitoring efforts. These datasets are discussed in additional detail 
below because they can be used to highlight specific LAR impairments that could serve as the 
focus of the BSI Study.   
 
 
 
 
 
 
 

� � �� � � � � �June 2007



LA River BSI Study                                                 3                                                    July 2007 
Conceptual Approach DRAFT 

Table 1. Ongoing Long-term Mainstem LA River Bacteria Monitoring Programs# 

Agency 
Monitoring 
Program 

Measured 
Parameters 

Approx. 
Sampling 
Frequency 

Number 
of Sites 

Monitoring 
Site Names 

City of LA Bureau of 
Sanitation – Watershed 

Protection Division – 
Pollutant Assessment 

Section                                  
(BOS-WPD-PAS) 

Status 
and Trends 

Total Coliform 
E. coli 

Enterococcus 
Flow Estimate 

3x/month 8 

White Oak Ave. 
Sepulveda Blvd. 

Tujunga Ave. 
Colorado Blvd. 
Figueroa St. 

Washington Blvd. 
Rosecrans Ave. 

Willow St. 

City of LA Glendale 
Water Reclamation 

Project 

NPDES 
Permit 

 

Total Coliform 
Fecal Coliform 1x/day 3 

R-4 
R-5 
R-6 
R-7 

City of LA Donald C. 
Tillman Water 

Reclamation Plant 

NPDES 
Permit 

 

Total Coliform 
Fecal Coliform 1x/day 3 

R-8 
R-9 

LA County Department 
of Public Works 

MS4 
Permit 

 

Total Coliform 
Fecal Coliform Storm Events 1 S10 (Reach 1) 

# - See Figure 1 for monitoring site locations 

3.1 CITY OF LA STATUS AND TRENDS MONITORING 
During its Status and Trends monitoring program, the City of LA Bureau of Sanitation – 
Watershed Protection Division – Pollutant Assessment Section (BOS-WPD-PAS) has gathered 
an extensive dataset of fecal indicator bacteria concentrations at various locations along the 
mainstem of the LAR (Figure 1).  The Status and Trends program has sampled the mainstem of 
the LAR approximately three times per month since 2001.  As a result, a total of nearly 75 
ambient monitoring events have occurred at eight stations between June 1 and September 30. In 
addition, approximately 30 samples have been collected on wet weather days, defined as days 
with greater than 0.1 inches of rainfall and the two days following. It should be noted that Status 
and Trends monitoring is “ regularly scheduled”  without consideration to whether conditions are 
dry or wet.  

3.1.1 Dry Weather Results 

The Status and Trends monitoring dataset collected during dry weather demonstrates that 
bacteria concentrations in the LAR are typically at a minimum in reaches that are supplied with 
recycled water from municipal water reclamation plants (Figure 2; see Reach 4 - LAR @ 
Sepulveda Boulevard and Reach 2 - LAR @ Figueroa Street. The concentration minima at the 
upstream ends of Reach 2 and 4 are most likely a reflection of the fact that the reclamation plants 
that discharge near these sites produce high-quality, tertiary wastewater that is disinfected prior 
to discharge. Within 10 miles downstream of these locations, however, bacteria concentrations 
are at least one order of magnitude higher and well above WQOs. In addition, in Reach 6 (see 
Reach 6 - LAR @ White Oak Avenue in Figure 2), while it has the lowest flow rates, typically 
exhibits the highest bacteria concentrations of all LAR reaches.  Therefore it appears that 
significant loads of bacteria are entering the water column in Reach 2, 4, and 6, leading to 
concentrations increases and WQO exceedances. It should be noted that Reach 3 might also be 
subject to strong sources between Colorado Avenue and Figueroa Street, but discharges of � � �� � � � � �June 2007
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disinfected wastewater effectively “dilute” bacteria resulting in concentration decreases.  It 
seems clear that control of the primary bacteria sources that are impacting Reach 2, Reach 4, and 
Reach 6 could greatly improve the bacteriological water quality of the LAR.   

3.1.2 Wet Weather Results 

The Status and Trends monitoring dataset collected during wet weather shows that bacteria 
concentrations are approximately one order of magnitude higher than during dry weather, and 
there is less apparent spatial variation (Figure 3). In other words, bacteria concentrations are 
very high (well above WQOs) at all sites. Although the trend is not as strong as with dry weather 
sampling, there is still a slight upward trend in the median concentrations in the downstream 
direction in both Reach 2 and 4 during wet weather. This may be an indication that the same 
source(s) may be influencing bacteria levels during both dry and wet weather, at least to some 
extent. Overall the relatively uniform spatial patterns insist that a strong, ubiquitous source 
(and/or substantial multiple sources) of bacteria affects the LAR during wet weather. Studies in 
other southern California watersheds have observed similarly strong and ubiquitous wet weather 
bacteria sources (Reeves et al., 2003; Surbeck et al., 2006). As discussed in Section 3.2.2, wet 
weather WQO exceedances could be partially due to bacteria-contaminated suspended sediment. 
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Figure 1. LA River Reaches and Long-term Bacteria Monitoring Locations along the Mainstem LA River (also see Table 1) 
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Figure 2. Mainstem LA River E. coli Concentrations as Measured during the Dry Season by Status and Trends from 2001 – 2005. 

The boxes span from 25th-75th percentile values, with the estimated median values in between. Whiskers indicate 10th/90th percentile values, and 
dots indicate 5th/95th percentile values. Each box plot represents approximately 50 data points.  

Purple arrows indicate increases in E. coli along Reach 2 and 4.  
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Figure 3. Mainstem LA River E. coli Concentrations as Measured on Wet Weather Days by Status and Trends from 2001 – 2005. 

The boxes span from 25th-75th percentile values, with the estimated median values in between. Whiskers indicate 10th/90th percentile values, and 
dots indicate 5th/95th percentile values. Each box plot represents approximately 30 data points.  

Wet weather days were defined as days with greater than 0.1 inches of rainfall, and the two following days.  
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3.2 CREST TIER 2 DRY WEATHER SOURCE ASSESSMENT 
During the summer of 2006, the CREST stakeholders implemented a monitoring study designed 
to evaluate the aforementioned impairments in Reach 2 and 4 (CREST, 2006)1. The goal was to 
evaluate the relative contributions from:  

1) Bacteria loadings from storm drain discharges; 

2) Bacteria loadings from tributaries; 

3) Regrowth or resuscitation of bacteria in the water column  

4) Regrowth in or suspension of river-bottom sediments  

5) Other “ in-channel”  inputs such as birds and other wildlife, homeless persons, or 
groundwater exfiltration 

To quantify these relative contributions, the CREST monitoring study conducted six monitoring 
events during dry weather along Reach 2 and 4. The monitored sites along each targeted reach 
were upstream/downstream mainstem LAR locations, tributaries, and the highest-flow rate storm 
drain discharges. Sediment samples were also collected from the LAR-bottom near storm drain 
discharge locations. The approach assumed if bacteria loadings observed from storm drain 
discharges and tributaries accounted for a large portion of the upstream-downstream increases in 
bacteria concentrations, then in-channel inputs (i.e. items #3, #4, and #5 above) could be 
regarded as less important sources, and vice versa.   

3.2.1 Upstream-downstream Bacteria Mass Balance 

Due to concentration increases, during each CREST study monitoring event, the bacteria loading 
rates of fecal coliform, E. coli and Enterococcus along Reach 2 and 4 of the LAR were higher at 
downstream sites when compared to upstream, and upstream sites exhibited concentrations 
below WQOs, while downstream sites did not. Average loading rates of fecal coliform and E. 
coli at the downstream LAR site were from approximately 5 to 10 times higher than the upstream 
site for Reach 4 and 40 times higher for Reach 2. A mass-balance approach was used to compare 
these upstream/downstream LAR loading rate differences to loading rates from storm drain 
discharges and tributaries, using scaling factors to estimate loading from all storm drain 
discharge sites (including those that were not regularly monitored). As shown in Figure 4, the 
results suggest that storm drain discharges and tributaries cannot account for a large portion of 
the increased bacteria loading along Reach 2 and 4.   This was especially the case for Reach 4, in 
which the estimated all-event average loading from storm drain discharges and tributaries only 
accounted for 6% of the average fecal coliform and E. coli loading to the LAR. Along Reach 2, 
storm drain discharges and tributaries accounted for an estimated 37% and 22% of the fecal 
coliform and E. coli loading to the LAR, respectively. 

In other words, though there was variability and measurement error associated with the mass 
balance approach, and only six of approximately 30 drains were monitored for bacteria along 
each reach, there is strong evidence that other, uncharacterized sources contribute to the 
degradation of bacteriological water quality along Reach 2 and 4 of the LAR. It appears that 

                                                 
1 Report  is available at http://www.crestmdl.org/reports/index.html � � �� � � � � �June 2007
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control of these uncharacterized sources is an important component of the Bacteria TMDL 
development and implementation; for example, recreational WQOs may not be attained during 
dry weather through reduction of storm drain discharges alone. Other possible dry weather, in-
channel sources include birds, homeless persons in the main LAR channel, sediment suspension, 
groundwater contamination, and regrowth/resuscitation of bacteria from disinfected wastewater 
effluent. It is noted that Reach 2 and 4 may have different primary sources of bacteria loading, 
perhaps requiring different approaches to source control. For instance, during monitoring efforts, 
homeless persons were frequently observed in Reach 2 but never in Reach 4.  

 

 

 

Reach 4: E. coli  Loading
(MPN/day) 

Urban Runoff

Tributaries

Unknown

 

 

Reach 2: E. coli  Loading
(MPN/day) 

Urban Runoff

Tributaries

Unknown

 
Figure 4. Reach 2 and 4 LA River Dry Weather E. coli Loading Assessment  

These pie charts are from the CREST Tier 2 dry weather source assessment, which are based on an indicator mass 
balance (CREST, 2006).  The all-event average upstream/ downstream increase in bacteria loading along the 
mainstem LA River Reach 2 (lower) and Reach 4 (upper) is represented by the entire pie. Slices of the pie 
correspond to the all-event average tributary loading (red) and the estimated average loading rate from all storm drain 
discharges (purple), including those sites that were not regularly monitored. The remainder is labeled as “unknown” 
(yellow). The unknown portion of the pie represents either other in-channel sources (e.g. regrowth, waterfowl, 
homeless persons, etc.), or errors in the estimates of LA River storm drain discharge and/or tributary loading rates.   
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3.2.2 Sediment Bacteria Concentrations 

During the CREST monitoring study, sediment samples were collected from the LAR-bottom 
near storm drain discharge locations. Large deposits of sediment were present near Reach 2 
storm drain outfalls and in sections of the LAR adjacent to the low flow channel along both 
reaches. The largest deposits of sediment were located along Reach 2 near the Washington 
Boulevard Bridge. Analyzed LAR-bottom sediment samples contained indicator bacteria in 
highly variable amounts, as shown in Figure 6. For E. coli, sediment concentrations ranged from 
<100 to 26 million MPN per 100gdry. On a per-weight basis (recall that 1mL of water weighs             
1 gram), when compared to other indicators, fecal coliform was markedly more abundant in LAR 
sediment than water samples. Due to the fact that dry weather TSS concentrations in the LAR are 
relatively low (< 30 mg/L), it was concluded that during dry weather, only very high-
concentration solids (~90th percentile) could significantly affect water quality with respect to            
E. coli and fecal coliform WQOs. However, it should be noted that “biofilms” , or active/growing 
colonies of bacteria, that might be attached to LAR-bottom sediments have the potential 
“ release”  bacteria into the water column even without suspension of sediments. Furthermore, 
during wet weather, when TSS concentrations are much higher, solids-associated bacteria may 
be an important source that should be considered.  Other studies (outside of California) have 
found conclusive evidence that significant amounts of bacteria were induced into water samples 
by suspended sediment during high flows after long periods of baseflow (McDonald, 1982), 
though wet weather studies in the Santa Ana River found that bacteria transport differed from 
that of suspended solids, and, in fact, were unable to conclude that bacteria were necessarily 
associated with sediment – they were either associated with fine particles (<53 µm) or not at all 
(Surbeck et al., 2006). 
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Figure 5. Fecal Coliform Densities in LA River Water and Sediment Samples – Reach 2 and 4 
Dry weather sediment monitoring results from the CREST Tier 2 monitoring study (CREST, 2006). In addition, to 
showing the concentrations of bacteria in collected sediment, these plots provide a basis to compare LAR water and 
benthic sediment bacteria concentrations on a per-weight basis (e.g. compare median [50th percentile] values of 
water vs. sediment; note that 1mL of water weighs 1 gram). In general, for all indicators LAR-bottom sediment 
samples were more enriched with indicator bacteria when compared to LAR water samples. This was especially the 
case for fecal coliform. Note that water samples from both the upstream and downstream LAR sites are shown, and 
sediment was collected from a different site on nearly every event, ranging from the upstream to downstream ends of 
each reach. 
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The previous section highlighted several issues with respect to bacteria contamination in the LA 
River watershed: 

·  During dry weather, significant sources, which remain uncharacterized even after a 
source assessment effort, are impacting Reach 2 and 4;  

·  Of all the LAR reaches, Reach 6 typically exhibits the highest dry weather bacteria 
concentrations; 

·  During wet weather, LAR bacteria concentrations are very high and well above WQOs at 
all sites.  

·  Large reservoirs of sediment in the LAR channel have the potential to cause or contribute 
to WQO exceedances during conditions that encourage suspension (i.e. wet weather).  

Successful implementation of the LAR Bacteria TMDL will likely depend on these issues being 
resolved and addressed. It is the goal of the BSI Study to assist with characterizing (at least some 
of) these issues to increase the likelihood of meeting TMDL targets. This section briefly reviews 
the source identification methodologies that are available for bacteria source identification and 
discusses their pros and cons.  

4.1 WHY NOT SIMPLY USE TRADITIONAL INDICATORS? 
Enumeration of traditional indicator organisms (e.g. E. coli and enterococcus) is useful because 
they are inexpensive and easy to measure, and they circumvent the need to assay for every 
pathogen that may be present in water. In addition, epidemiological studies have developed 
correlations among swimmer health risks and indicator concentrations, which have been used to 
develop WQOs (Wade et al., 2003).  Furthermore, because WQOs are based on indicators, 
targeted monitoring can be used to conduct “mass balance”  analyses. This approach, which 
assists with identification of the input types (storm drains, tributaries, etc.) that are contributing 
to WQO exceedances, was used during the CREST Tier 2 study (Section 3.2.1). Another mass 
balance approach, called “ flow fingerprinting” , has been used recently during wet weather 
studies (Surbeck et al., 2006). Flow fingerprinting is useful for determining whether or not the 
predominant source is human. For instance, in the Santa Ana watershed, it was determined that 
the peak loading of enterococcus during a target storm was equivalent to approximately 11 
million people defecating directly into the Santa Ana River, which indicates that the predominant 
source was almost certainly not human (ibid). Similar results were found in the Calleguas Creek 
Watershed, where the loading rate of enterococcus over the course of a 14-hour late-season 
storm was equivalent to direct defecation from 1 million people, even though only approximately 
300,000 live in the watershed (unpublished results).  
 
While indicator-based monitoring is useful within a mass balance framework, due to their 
ubiquitous nature, the effectiveness of enumerating traditional indicators for distinguishing 
between the presence of human or animal waste is generally limited (Byappanahalli et al., 2003). 
It has also become apparent that indicator organism ecology, prevalence, and resistance to stress 
differ from the pathogenic organisms for which they are a surrogate (e.g. Griffin et al., 2003). 
For E. coli and enterococcus, environmental reservoirs exist and regrowth or resuscitation may 
be possible once they are discharged to the environment, particularly with respect to sediment 
environments (Desmarais et al., 2002; Byappanahalli et al., 2004) or near discharges of 
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disinfected wastewater effluent (Dukan et al., 1997; Rockabrand et al., 1999).  All of these 
factors (and others) have led researchers to develop alternative methods for bacteria source 
identification, often referred to as “microbial source tracking” . 
 
The primary advantage of source tracking methods is that they allow for quantification of the 
relative inputs of different types of hosts (i.e., human versus non-human). By differentiating 
between human and non-human sources, source tracking information can be used to (1) 
recommend the types of control measures (e.g., sewer infrastructure repairs, pet waste disposal 
stations, etc.) that have the highest potential for successfully reducing bacteria loading and (2) 
identify the input types (e.g. certain storm drains or tributaries) that have the highest human fecal 
discharges and thus potentially pose the highest health risks to downstream users. As such, recent 
studies designed to identify fecal pollution sources have relied on a combination of mass-based 
indicator monitoring along with microbial source tracking, known as a “ tiered approach”  
(Boehm et al., 2003; Noble et al., 2005; CREST, 2006). In short, tiered approaches use long-term 
data based on traditional indicators to identify “hot spots” , followed by targeted monitoring at 
these hot spots with traditional indicators and source tracking tools, in order to identify the 
highest loading rate, or most human-impacted, bacteria sources. There is a multitude of source 
tracking methods available for identification of human versus non-human inputs (Scott et al., 
2002; USEPA, 2005). The following sections discuss these different types of methods, and 
review performance studies that have been conducted to evaluate their efficacy.  
 

4.2 LIBRARY-DEPENDENT VERSUS LIBRARY-INDEPENDENT METHODS 
Microbial source tracking methodologies can be separated into two categories, cultivation-
dependent and cultivation-independent, which describes whether it is necessary to cultivate 
(grow) microorganisms to conduct the test.  As shown in Figure 6, within these two categories, 
source tracking methods can be separated into library-dependent and library-independent, as 
follows: 

1) L ibrary-dependent: these are methods that require the collection of a fecal sample 
“ library” . Ideally, the library is collected from multiple host types (dogs, cats, etc.) and 
multiple individuals and different age groups (e.g. samples from 12 dogs instead of just 
one, with some of the 12 being old and some young).  It is desirable to collect fecal 
samples from within in the watershed because these methods may be geographically-
influenced (i.e., vary from watershed to watershed) and thus a greater percentage of the 
sources are likely to be positively identified when compared to relying solely on library 
information from other watersheds. Once a library is developed, water samples are 
collected from waterbodies and compared to the library of “ isolated”  fecal indicator 
bacteria, normally in terms of genotypic characteristics, such as the DNA “ fingerprint” , 
which acts like a bar code that can be compared among water samples and the library. 
While there is occasionally overlap among different species, fingerprints are often unique 
to a certain host-type due to variables such as body temperature, diet and health of the 
individual. A popular library-dependent method is ribotyping, which was the basis of the 
successful Mission Bay source tracking studies (Gruber et al., 2005), as well as others in 
California and elsewhere in the U.S. (described later).  

2) L ibrary-independent: these are methods that do not rely on comparing each water 
sample to a fecal sample library. Instead host-specific “markers”  are developed, which 
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are either conventional (i.e. presence/absence) or quantitative (concentrations). For 
instance, analysis of human-specific markers in water samples is used to determine the 
presence/absence or concentration (cells/mL) of human bacteria in the water sample. 
Perhaps the most popular group of host-specific markers are based on the enteric bacteria 
Bacteriodales (also called Bacteroides and Bacteroidetes). In this case, as discussed in 
Section 4.4.2, published “conventional”  assays can be used to evaluate the 
presence/absence of fecal material from humans, cows, elk, dogs, and pigs; and published 
“quantitative”  assays can be used to determine the Bacteroidales concentrations from  
fecal inputs by humans, cows, pigs, and dogs. As the field of MST progresses, assays 
targeting additional species (e.g., birds) will become available. It should be noted that the 
use of library-independent methods does not eliminate the need to collect fecal samples. 
The difference is that the markers are initially “validated”  by the laboratory against a 
large fecal sample set before being applied to environmental samples, which allows for 
quantification of the efficacy (i.e. rate of false positives and negatives) of each marker, 
and this library does not need to be redeveloped for each watershed study. For robustness, 
however, during a watershed study, it is recommended to collect a relatively small 
number of fecal samples to verify the marker’s performance. Finally, it should be noted 
that library-independent methods can be based on microorganisms that are actually 
pathogenic, too, such as human viruses. 

As mentioned above, there are numerous methodologies available for source identification 
studies. A few comparison studies have been conducted to evaluate the performance of various 
source tracking methods, as discussed in the next section.  
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Figure 6. Diagram of Various Source Tracking Methods, Based on Need to Cultivate and Use of Fecal Sample Libraries2 
 

                                                 
2 From the USEPA Microbial Source Tracking Guidance (USEPA, 2005) � � �� � � � � �June 2007
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4.3 SOURCE TRACKING METHODS COMPARISON STUDIES 

Only a handful of comparison studies have been conducted to rigorously evaluate the various source 
tracking methods against one another and amongst different laboratories. Two of these studies, 
conducted by SCCWRP and United States Geological Survey (USGS), are briefly discussed below. 

4.3.1 SCCWRP Comparison Study 

A microbial source tracking method evaluation conducted by SCCWRP in 2002 listed the following 
criteria for method assessment (Griffith et al., 2003): 

1) Ability to correctly identify the presence of human fecal material 
2) Ability to correctly identify the absence of human fecal material 
3) Ability to correctly identify the dominant source of fecal material in a sample 
4) Ability to accurately identify all sources of fecal material contained in a sample 
5) Stability of response across three matrices (freshwater, seawater, seawater with humic acids) 

To assess these criteria, mixed-fecal source water samples were used (i.e. water samples with 
different percentages of known amounts of fecal material from different hosts). The comparison 
study included a multitude of different method types and laboratories. Each method used in the 
comparison had a different set of positive attributes, ranging through cost, quantification capability, 
range of detectable sources and accuracy. In terms of methods performance, it was concluded that 
many methods resulted in low rates of correct classification; they had a high rate of false positives 
and false negatives. No method performed perfectly across all evaluation criteria. General 
observations are summarized below: 

·  Library-dependent methods – None of the library-dependent methods were able to identify 
the dominant source in all samples. Genotypic methods (e.g. ribotyping and pulse-field gel 
electrophoresis [PFGE]) performed the best in this regard, correctly identifying the dominant 
source in 75% of samples. PFGE also performed very well in terms of identifying the sources 
of contamination in the sample, though all sources were correctly identified in only about half 
of the samples. It was noted that a design aspect of the comparison study that limited the 
ability of library-dependent methods to perform well was the relatively small fecal source 
library (50 isolates). Some researchers applying ribotyping and PFGE use databases that 
encompass thousands of isolates which substantially improves the ability to identify sources. 

·  Library-independent methods – these methods performed very well in differentiating 
between human and non-human sources. Host-specific polymerase chain reaction (PCR) was 
the most accurate library-independent method, correctly classifying all samples in terms of 
presence/absence of human fecal contamination. An example of a host-specific PCR method 
is Bacteroidales, as mentioned above. The biggest drawbacks were related to the number of 
hosts that could be identified with the markers (at the time only human) and the inability to 
provide quantitative results. It was also noted that the PCR methods performed best using 
sewage samples as opposed to individual humans. Since the SCCWRP comparison, as 
discussed in the next section, more markers have become available (humans, cows, elk, dog, 
etc.) and these markers are quantitative. However, there are still not markers for every host 
type, and thus it may be necessary to use host-specific PCR in a “ toolkit”  with library-
dependent methods, which can target any number of host (dogs, cats, gulls, etc.), depending 
on the size of the library.   

� � �� � � � � �June 2007
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In general, it was concluded that agencies utilizing MST methods need to accurately define the 
questions they are hoping to address with their particular application, including an evaluation of 
tolerance for an incorrect answer, when selecting the most appropriate method(s) for the toolkit on 
which they will base their source tracking study.  

4.3.1 USGS Comparison Study 

During another comparison study, in this case by USGS, reproducibility, accuracy, and robustness of 
seven source tracking protocols based on E. coli were evaluated (Stoeckel et al., 2005). All the 
methods analyzed in this comparison study were library-dependent. Overall, the results of the 
comparison study were somewhat negative, with a few of the methods performing more poorly than 
would be expected if the lab technician simply guessed. In replicate tests, PFGE performed the best, 
with 100% correct classification rate during the reproducibility challenge, which was based on known 
isolates from the provided library. In accuracy tests, two-enzyme ribotyping had the highest number 
of correct classifications, with 100% correct classification rate when distinguishing among humans, 
domestic animals, and wildlife, but a high rate of unknown classifications occurred. Furthermore, 
PFGE and two-enzyme ribotyping were the only methods that correctly reported the 2:1 non-
human:human ratio (reported 2.2:1 and 1.2:1, respectively). Again, had a larger library been 
available, it is likely that two-enzyme riboytping and PFGE would have been more effective. Overall, 
the authors concluded that it is crucial that thorough reliability assessment of any chosen protocol be 
performed during attempts to apply it in environmental settings.  

4.4 RECOMMENDATIONS FOR SOURCE TRACKING METHODOLOGY 
It is clear from previous comparison studies that no source tracking method is able to identify or 
quantify every source for every sample. In other words, there is no “silver bullet”  in the field of 
source tracking. Methods have yet to be standardized because they are continuously improving, and 
as more studies are conducted it becomes apparent that some methods are more reliable than others, 
and some may not be reliable at all. Therefore, according to United States Environmental Protection 
Agency (USEPA) guidance (2005), it is advantageous to use a “ toolkit”  of methods as opposed to 
relying on just one, so that methods can “check and balance” and complement each other. For 
instance, host-specific quantitative PCR can be used to estimate concentrations (cells/mL) of human-
specific bacteria, in conjunction with PCR analysis of human viruses, which are known to be 
pathogenic and highly-specific to human fecal discharges (Jiang, 2006). Guidance by USEPA also 
recommends use of source tracking methods that are relatively mature, have been subject to a 
rigorous quality assurance/quality control (QA/QC) process, and have been applied in multiple 
watersheds.  

While on one hand source tracking methods have shortcomings, on the other hand trying to control 
bacteria inputs in a complex watershed is a daunting challenge. Without assistance identifying 
sources and their relative contributions of bacteria in water samples, stakeholders are left to 
“generically”  implement BMPs across the watershed. This conundrum is the reason that many source 
tracking technologies have been applied in field studies before they were sufficiently developed. At 
the same time, however, the previously-described cases of Reach 2 and 4 of the LAR are good 
examples of how studies with traditional indicator methods have not been able to link predominant 
sources with potential management measures. While the CREST Tier 2 study provided very useful 
information regarding the relative contributions of storm drain discharges versus tributaries versus 
unknown sources, stakeholders are left questions regarding which BMPs will be needed to comply 
with WQOs. For instance, if diversion of all dry weather storm drain and tributary discharges would 
only remove less than 10% of the E. coli loadings to Reach 4, then what else can be done?  Are the � � �� � � � � �June 2007
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predominant sources that are causing WQO exceedances human or non-human? Do they pose health 
risks to downstream users? With the capital cost of diverting a single gravity storm drain outfall to a 
nearby sanitary sewer (without including costs to acquire land for a pump station or operations and 
maintenance) estimated at roughly $300,000 (LWA, 2006), and over thirty flowing-outfalls during 
dry weather along Reach 4 alone, it makes economic sense to attempt to answer these questions with 
the best-available source tracking methodology before “blindly”  developing TMDLs and 
implementing BMPs.  

Based on the results of comparison studies, discussions with experts in the field of source tracking, 
experience gained during previous projects, and budget considerations, it is recommended to use a 
tiered-approach based on mass-balance “snapshots”  with indicators, along with a “human toolkit”  
comprised of library-independent methods. Specifically, this “human toolkit”  is recommended to 
incorporate host-specific PCR based on Bacteroidales and human viruses (enterovirus and 
adenovirus).Note that library-dependent methods are not recommended for the BSI Study, as there is 
concern that, due to the complexities of the LAR watershed, the fecal sample library needed to 
sufficiently classify fingerprints would be too large, and the variability of fingerprints in water 
samples would be too high to allow for robust classification of impacting sources. As described in the 
following sections, by combining mass-balance indicator snapshots with human toolkit monitoring, 
results can be used to determine whether sources impacting the LAR are human or non-human, and to 
identify specific inputs (e.g. certain storm drains, tributaries, etc.) and/or areas of the LAR that (1) 
have the highest indicator loading rates and (2) pose the highest health risks to downstream users. 
Most importantly, collected data can be used to guide BMP implementation efforts associated with 
the LA River Bacteria TMDL.   

4.4.1 Mass Balance Snapshots using Indicators 

Analysis of bacteria loading rates (the product of flow rate and concentration) provides a straight-
forward approach to determining which inputs (e.g. specific storm drains or tributaries) are likely 
contributing to LAR WQO exceedances. In 2000 and 2001, SCCWRP conducted the first synoptic 
surveys, or snapshots, of the LAR in order to quantify the relative contributions of storm drains, 
tributaries and wastewater effluent.  As described in Section 3.2.1, the CREST Tier 2 Study used a 
similar snapshot approach, with the main difference being that unlike the SCCWRP snapshots, the 
Tier 2 monitoring was conducted within an upstream-downstream framework, in order to identify 
source types (storm drains, tributaries, etc.) responsible for specific hot spots along Reach 2 and 4 of 
the LAR.  While each of these efforts has provided important information regarding the relative 
loadings of bacteria to the LAR, follow-up snapshots would improve confidence in results. 
Specifically, the SCCWRP study conducted two snapshots, while the CREST Tier 2 study conducted 
only six snapshots. Given the variability and error associated with measurements of flow rates and 
bacteria concentrations, particularly with respect to storm drain inputs, additional snapshots would 
assist with providing statistically-robust conclusions. Furthermore, the Tier 2 Study measured 
bacteria in only six of approximately 30 storm drain discharges along each Reach 2 and 4. While the 
monitored discharges were generally the highest flow rate inputs, representing up to approximately 
80% of the storm drain inflow, lack of bacteria loading rate information for the remaining 20 – 25 
drains was perhaps the biggest shortcoming of the study. In other words, by monitoring additional 
outfalls, Figure 4 could be revised and used with more confidence. 
 
As such, to supplement data collected during previous snapshots and provide additional 
understanding of the relative indicator loading rates of storm drains and tributaries, it is 
recommended the BSI Study include additional snapshots of storm drain and tributary inputs along 
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targeted portions of the LAR using E. coli and enterococcus. Collected bacteria concentration data 
can also be compared to the relative magnitude of human fecal inputs, as described in the next 
sections, to evaluate the efficacy of indicators at predicting potentially high health-risk sources.  

4.4.2 Quantitative PCR Analysis of Bacteroidales 

Bacteroidales are an anaerobic bacteria that are highly abundant in feces, animal rumen, and other 
cavities of humans and animals (Paster et al., 1994), often in greater abundance than traditionally-
used coliform bacteria (Menaia et al. 1998). The basis of source tracking methods based on 
Bacteroidales is the fact that Bacteroidales in different hosts (humans, cows, etc.) often contain 
unique DNA sequences, which can be detected and used to target fecal pollution from that host. The 
anaerobic nature of Bacteroidales makes them desirable because it reduces their persistence in the 
environment, and the PCR methods used to target Bacteroidales do not require culturing or library 
development and are relatively cheap and fast to perform. To avoid confusion, it should be noted that 
over the course of their application in source tracking studies, Bacteroidales have also been referred 
to as Bacteroides and Bacteroidetes. 
 
Bacteroidales were first proposed as an indicator of fecal pollution over two decades ago (Allsop and 
Stickler, 1985; Fiksdal et al., 1985). A decade later, PCR-based assays were used to detect 
Bacteroidales species that could be used to monitor human fecal pollution in water (Kreader, 1995), 
and evaluate their persistence in the environment (Kreader, 1998). But it was the work of Kate Field 
and colleagues at Oregon State University that led to the popularization of Bacteroidales as a source 
tracking tool, and development of assays to detect general fecal pollution (from all warm blooded 
animals, called “universal” ; Dick and Field, 2004), humans (Bernhard and Field, 2000), pigs and 
horses (Dick et al., 2005a), and elk (Dick et al., 2005a). In addition to the comparison study by 
SCCWRP mentioned above, Bacteroidales methods have been tested and confirmed to reliably and 
specifically detect host-specific markers from feces and water samples (Field et al., 2003).  
 
Other researchers have continued the work of Field and colleagues and developed and published 
additional Bacteroidales markers, including development of quantitative markers, which can be used 
to estimate concentrations (cells/mL) as opposed to simply presence/absence. In many ways, 
quantitative assays are analyzed like traditional indicators, with higher and lower concentrations over 
space and time providing information regarding fecal sources, as shown in Figure 7. A quantitative 
Bacteroidales array was recently published based on universal, human, and bovine markers (Layton 
et al., 2006). Researchers at University of California, Davis have developed a similar quantitative 
Bacteroidales array was based on universal, human, cow, and dog markers, but also added a 
statistical method to evaluate the performance of markers (Kildare et al, in press)3, conducted a field 
validation study based on mixed-fecal water samples3, and published a filtering technique that 
improves the ability to detect markers and allows for calculation of a detection limit for each sample 
(Rajal et al., in press)3. It is important to have information regarding the sample limits of detection 
because organic material in samples can inhibit assay performance, which might lead to samples that 
have fecal pollution but nonetheless result in “non-detect”  values. In addition, if sample limits of 
detection are available, then regression on order statistics can be used to estimate concentration 
statistics including geometric mean values, confidence levels, etc, and quantify spatial and temporal 
trends with box plots or other graphical tools (see Figure 7). These assays and filtration steps have 
been successfully applied in large-scale studies including in the coastal, mixed-land use Calleguas 

                                                 
3 Also see http://www.calleguascreek.org/ccwmp/DRAFT_CCW_MST_061406.pdf 
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Creek Watershed3, in tidally-influenced San Joaquin River tributaries near Stockton, CA4 and to 
roadway runoff for CalTrans (Rajal et al., 2005). 
 
For the BSI Study, it is recommended to utilize two quantitative assays for Bacteroidales: 
 

·  Universal marker  – targets fecal inputs from all warm-blooded animals (humans, bird, dogs, 
cows, wildlife, etc.). 

·  Human-specific marker  – targets human fecal inputs, particularly those from “mixed”  
sources like sewage or runoff from homeless encampments.  

The application of these two Bacteroidales markers, universal and human-specific, will allow for 
comparison of inputs from all animals (both human and non-human) to those from humans only, 
respectively. As such, collected data can be used to evaluate whether sources affecting targeted 
reaches of the LAR are human or non-human, which can assist with guiding the types of BMPs to use 
during implementation. In addition, concentrations of the human Bacteroidales marker serve as an 
indicator of high health-risk sources. That is, storm drains or tributaries with the highest human 
Bacteroidales concentrations are considered to pose the highest health threat to downstream users. Of 
course, without epidemiological data, truly quantitative information regarding human health risks 
(i.e., the number of humans out of 1000 that would potentially become sick if they came in contact 
with collected runoff) associated with Bacteroidales concentrations is unavailable. However, it is 
generally accepted that human fecal inputs (as opposed to inputs from birds or other animals) pose 
the greatest health risks to persons who come into contact with contaminated waters. A possible 
example to support this is Mission Bay, where swimmer illness rates were much lower than expected 
given the indicator bacteria levels (Colford et al. 2005), and the dominant source of bacteria was 
determined to be non-human (Gruber et al., 2005).Therefore, inputs with the highest human fecal 
discharges (i.e., specific storm drains or tributaries with the highest loading rates of human 
Bacteroidales) could become a priority during TMDL implementation in order to minimize possible 
health risks.  
 
While epidemiological data are not available to accurately quantify health risks to LA River users, 
epidemiological studies based on Bacteroidales have been, or are in the process of being, conducted. 
To evaluate the potential for more rapid methods, USEPA researchers recently conducted an 
epidemiological study based on Bacteroidales concentrations (Wade et al., 2006).  Although the 
QPCR methods applied to the epidemiological study did not provide satisfactory detection limits 
(which could have been improved with better filtration techniques), a positive correlation between 
gastrointestinal illness and Bacteroidales concentrations was observed at one of the studied beaches, 
which showed that the method has promise for predicting swimmer health risks. The authors have 
archived collected samples to apply more sensitive Bacteroidales techniques in the future. In addition 
to the completed USEPA study, SCCWRP is developing an epidemiological study5 of Doheny Beach 
in Orange County, CA, which will apply library-independent source tracking methods. The suite of 
markers that will be applied to Doheny Beach has not yet been finalized, but it is anticipated that 
quantitative universal Bacteroidales along with human- specific Bacteroidales and human viruses 
will be included. Then marker concentrations in surface runoff (LA River water, storm drain 
discharges, etc.) collected during the BSI Study can be linked to human health risks measured during 
the SCCWRP epidemiological study. This is not to say that, at any given concentration, the health 

                                                 
4 See Section 8 of http://www.ci.stockton.ca.us/mud/General/documents/Final200506-annual-report.pdf 
5 See http://www.sccwrp.org/about/rspln2006-2007.html#d1for a description of the epi study � � �� � � � � �June 2007
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risks associated with contact with storm drain discharges or the LAR would be the same as those at a 
marine beach, but at least SCCWRP’s epidemiological data could be used to further support the use 
of human markers to indicate relative human health risks. 
 
Finally, it should again be reiterated that Bacteroidales markers are not without faults. Generally low 
rates of false positives and negatives tend to occur. This is especially the case for overlap between 
human and dog markers, perhaps due to the close relationships that many owners have with their 
dogs (Carson et al., 2005). But with proper marker development and validation, and statistical 
analysis of validation results, false positives and negatives can be minimized and quantified so that 
decisions based on marker results can take into account possible errors. For instance, it has been 
determined that detections of the human Bacteroidales marker developed by UC Davis have a 98% 
likelihood of being from human fecal contamination and not other sources (Kildare et al, in press)3. It 
should also be noted that Bacteroidales are a completely different organism than E. coli, on which 
WQOs are based. Thus there is some “extrapolation”  to suggest that sources of Bacteroidales are 
similar to the sources of E. coli. But since both methods are based on fecally-derived bacteria, such 
an extrapolation is reasonable. Similarly, Bacteroidales detections with PCR are due to the presence 
of stressed or injured cells that are not able to reproduce (known as “viable but non-cultivable”  
[VNC]), or even cells that are dead. Traditional indicator tests are culture-dependent; only cells that 
are viable and cultivable will be represented in test results. These differences in culture-dependence 
represent another example of the need to carefully interpret source tracking results.  
 
It is recommended to collect and analyze universal and human Bacteroidales in primary wastewater 
influent and disinfected effluent from publicly-owed treatment works (POTWs) discharging to the 
LAR. The influent samples can be used to evaluate the abundance of Bacteroidales in untreated 
wastewater, providing data regarding the expected concentrations in illicit discharges/connections to 
the storm drain system. Indicator samples could also be collected in effluent, to compare indicator 
concentrations to Bacteroidales concentrations in illicit sources. The data from effluent samples can 
be used to evaluate the abundance of Bacteroidales in treated wastewater, and then incorporated into 
a mass balance analysis to determine the proportion of LAR human Bacteroidales (which could be 
dead) that are from wastewater discharges versus storm drains, tributaries, and upstream sources.  
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Figure 7. Example of Quantitative Bacteroidales Human Marker Results6 

Boxes span from the estimated 25th to 75th percentile values, with the median in between.  Bars with whiskers span from 
estimated 10th to 90th percentile values, and markers indicate 5th and 95th percentile values.                                                     

ND denotes the number of non-detects reported. 

4.4.3 PCR Analysis of Human-specific Viruses  

To supplement the human Bacteroidales dataset, and provide additional information regarding 
possible human health risks, it is recommended that stakeholders also analyze collected water 
samples for microorganisms that are potentially pathogenic: human viruses (enterovirus and 
adenovirus).  Specifically, PCR assays are readily available that are quantitative (i.e., provide 
concentrations [cells/mL]) for enterovirus and adenovirus. Due to the fact that PCR methods can be 
used for both Bacteroidales and, human viruses, the additional cost associated with measuring virus 
concentrations is relatively small. Previous studies in southern California have found a correlation 
among Bacteroidales concentrations and detected concentrations of enterovirus, as shown in Figure 
8. A recent study by Noble et al. (2005) in Ballona Creek concluded that using a tiered-approach 
based on a toolkit of Bacteroidales and enterovirus markers demonstrated the “power of using 
multiple approaches to assess and quantify fecal contamination in freshwater conduits to high-use, 
high-priority recreational swimming areas.”  In addition, previous studies by Choi and Jang (2005) 
have applied PCR virus assays to the LAR and Santa Ana River, which could supplement the viral 
dataset collected during the BSI Study. Note that human virus assays are not totally reliable when 
detecting fecal inputs from individual humans (because healthy humans are not infected with 
viruses), but they are considered to be highly human-specific relative to other MST assays, and the 
SCCWRP comparison study found that they performed very well at predicting the presence of 
sewage. It should also be noted that virus detections with PCR do not necessarily only target 
organisms that are infective, as some cells could be dead, injured, or inactive (Choi and Jang, 2005), 

                                                 
6 From http://www.calleguascreek.org/ccwmp/DRAFT_CCW_MST_061406.pdf 
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particularly with respect to discharges of disinfected wastewater. However, viability is much less of a 
concern for “untreated”  water collected from storm drains and tributaries, and for water samples from 
the LAR, the virus PCR data can be “conservatively”  used to evaluate high-risk sources or areas. 
Finally, the virus data are useful because, unlike enteric bacteria, viruses cannot regrow in the 
environment (i.e. outside of a host), which suggests that viral data would provide some insight 
whether regrowth/resuscitation of bacteria is an important source to the LAR. Overall, for this study 
the virus data will add a level of “ redundancy”  to complement the Bacteroidales data, and provide 
another mechanism to prioritize outfalls for remediation action. For instance, during implementation, 
it may be desired to initially direct BMPs at outfalls identified as having the most potential to cause 
illness to downstream water users (i.e. outfalls with the highest concentrations of human 
Bacteroidales, enterovirus and/or adenovirus).  
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Figure 8. Correlations between Universal and Mixed-Human Bacteroidales Concentrations and 
Detected Human Virus Concentrations in Receiving Water Samples 6 

These data, along with epidemiological studies conducted by USEPA researchers using Bacteroidales (Dufour, 2006) 
suggest that it will one day be possible to use human markers to quantify human health risks. The SCCWRP 
epidemiological study at Doheny Beach in Orange County, CA will apply Bacteroidales to non-point source-impacted 
waters later this year. 7 
 
 

                                                 
7 See http://www.sccwrp.org/about/rspln2006-2007.html#d1for a description of the epi study 

Correlation Coefficient = 0.78
P Value = 0.014 

Correlation Coefficient = 0.76
P Value = 0.018 
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The field study design for source tracking studies is often driven by several factors: 

·  Budget constraints 
·  Overall questions that are sought to be answered 
·  The extent of watershed areas prone to WQO exceedances 
·  Number of inputs to those problem areas (i.e. number of storm drains, tributaries, etc.) 
·  Timing of historic WQO exceedances (e.g. summer or winter) 
·  Site access and safety 

In this section, these factors are considered and general recommendations are proposed regarding the 
BSI Study including monitoring locations and sampling timing and frequency. 

5.1 SURVEY OF INDIVIDUALS FAMILIAR WITH THE LA RIVER 
Perhaps the most valuable resource when conducting a pollutant source investigation is the group of 
individuals that have extensive experience in and around the waterbody. In the case of the LAR, these 
are persons who monitor and maintain the LAR channel, including staff from the Los Angeles 
County Department of Public Works (LACDPW), Los Angeles County Flood Control District 
(LACFCD), City of Los Angeles Bureau of Sanitation (LABOS), and watershed-based organizations 
like the Friends of the LAR (FoLAR).  To utilize the vast watershed knowledge acquired by these 
individuals, written surveys will be conducted to acquire information available on areas of the LAR 
that have the most trash, homeless persons, foul odors, and other qualitative indicators of possible 
bacteria sources. The surveys will be created as a component of the Water Body Survey, which is 
another special study being overseen by the CREST stakeholder group. The results of these surveys 
will be summarized in the BSI Study report, along with monitoring data, and used to guide Bacteria 
TMDL implementation efforts.  

5.2 TARGETED WATERSHED AREAS AND SAMPLING TIMING 
The LAR watershed encompasses an area of over 800 square miles that includes open space and 
urbanized areas with commercial, industrial, and residential land uses. Budget constraints (and the 
number of samples that laboratories are able to process each day) preclude the BSI Study from 
characterizing the entire watershed. Perhaps more importantly, source tracking studies have a higher 
likelihood of providing information that is useful during development and implementation of TMDLs 
if specific impairments are targeted.  For instance, even if it was overwhelmingly determined that 
humans are the dominant source at the mouth of the watershed, does that help implementation 
efforts?  Where are the human inputs coming from?  In the LAR channel? Homeless persons 
inhabiting storm drains? Leaking sewer lines? Fortunately, data collected during targeted studies can 
also be useful to areas that are not included. That is, resolving the impairing source(s) along targeted 
reaches may also assist with TMDL development and implementation efforts in reaches that are not 
monitored. The water quality issues summarized at the beginning of Section 4 (based on the 
discussion in Section 3) provide specific water quality issues that can be used to focus the BSI study: 

·  During dry weather, significant bacteria sources, which remain uncharacterized even after a 
source assessment effort, are impacting Reach 2 and 4;  

·  Of all the LAR reaches, Reach 6 typically exhibits the highest dry weather bacteria 
concentrations (but the lowest flow rates); 
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·  During wet weather, LAR bacteria concentrations are very high and well above WQOs at all 
sites.  

·  Large reservoirs of sediment in the LAR channel have the potential to cause or contribute to 
WQO exceedances, particularly during conditions that encourage suspension (i.e. wet 
weather).  

As mentioned previously, to further increase the likelihood of gathering useful source tracking 
results, it has been recommended that source tracking be applied using a “ tiered approach” (Boehm et 
al., 2003; Noble et al., 2005). Tiered approaches use long-term data based on traditional indicators to 
identify “hot spots” , followed by targeted monitoring at these hot spots with traditional indicators and 
source tracking tools, in order to identify the highest loading rate, or most human-impacted, sources. 
As described in Section 3.2, a tiered approach has already been initiated in the LAR with regards to 
the dry weather hot spots in Reach 2 and 4 (see Figure 2). Targeted indicator monitoring in the 
summer 2006 suggested that other, “ in-channel” , sources are significant, possibly including birds, 
homeless persons, or (perhaps less likely) resuscitation/regrowth of bacteria associated with 
wastewater discharges (see Figure 4 and Section 3.2.2). It is recommended that the BSI Study be 
initially directed at further resolving these (and other) potential dry weather sources along Reach 2 
and 4, as control of these sources will be a significant challenge associated with the implementation 
of the LAR Bacteria TMDL. If these sources could be controlled, then LAR bacteriological water 
quality during dry weather could be greatly improved in Reach 2 and 4. Reducing concentrations in 
Reach 2 and 4 would also improve bacteriological water quality in downstream reaches (e.g. Reach 1 
and 3), and the information gained during targeted monitoring (e.g. whether source to storm drains 
are predominantly human or non-human) would likely also be useful during implementation in other 
reaches and other weather conditions (e.g. wet weather).  
 
In addition to the targeted sampling in Reach 2 and 4, it is recommended to also collect samples from 
a few receiving water sites in Reach 6, which typically exhibits the highest concentrations (but lowest 
flow rates) of all reaches, in order to provide a “screening”  to compare bacteriological water quality 
in Reach 2, 4 and 6. Specifically, this screening would allow for a preliminary evaluation of (i) 
whether unique sources are affecting Reach 6 (when compared to Reach 2 and 4), and (ii) the effect 
of wastewater discharges on source tracking results, as there are no wastewater discharges to Reach 6 
during dry weather (while Reach 2 and 4 are dominated by effluent). There are sometimes emergency 
wastewater discharges from Las Virgenes Municipal Water District to Reach 6 of the LAR late in the 
dry season, but these events are rare, and samples would be not be collected during times when such 
discharges are taking place.  
 
Focusing source tracking monitoring on Reach 2 and Reach 4 of the LAR during dry weather, while 
screening a few sites in Reach 6, would provide many advantages including: 

·  Defines specific impairments that can be the focus the BSI Study (order-of-magnitude 
upstream-downstream increases in E. coli and fecal coliform concentrations);  

·  Limits the spatial extent of the study (only along Reach 2,4, and 6); 

·  Limits the temporal extent of the study (dry weather, but note that these conditions are 
present during a majority of the year); 

·  Limits the number of inputs to the targeted area (about 30 outfalls and 1-2 tributaries along 
Reach 2 and 4); 
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·  Continues the tiered-methodology already initiated, which has developed important in 
information including traditional indicator concentrations in storm drain discharges and 
tributaries, flow rate information, and GIS data regarding outfall locations and the boundaries 
of several of the subwatersheds draining to storm drain outfalls.  

Furthermore, initially focusing on a limited portion of the LAR, and only during dry weather, can 
serve a “Phase I”  for the BSI Study to determine if stakeholders are satisfied with source tracking 
results and if methods appear to be reliable, repeatable, and useful. If results are satisfactory then it 
might be desired to use source tracking to characterize wet weather inputs, sources of bacteria to 
other reaches, and/or the role of sediment in the LAR bacteria impairments, and source tracking 
monitoring could be continued into a “Phase II” . The scope, budget, and options for Phase II (if 
desired) could be developed by the BSI Study Working Technical Group near the end of Phase I 
using information gained from experiences during Phase I and preliminary results.   

5.3 OVERALL SOURCE TRACKING METHODOLOGY 
The analytical methods proposed to be used for source tracking under the BSI Study (summarized in 
Section 4.4) are as follows: 

·  Indicator bacteria (total coliform, E. coli, and enterococcus), total suspended solids (TSS), 
and flow rate using mass-balance snapshots; 

·  Universal and human-specific Bacteroidales using quantitative PCR; 

·  Human-specific enterovirus and adenovirus using quantitative PCR; and 

·  Water quality parameters including temperature, electrical conductivity (EC), turbidity, etc.  

As mentioned above, along each Reach 2 and 4, there are approximately 30 storm drain outfalls 
flowing during dry weather and 1-2 tributaries.  Due to budget constraints, and the fact that source 
tracking laboratories cannot handle as many samples as laboratories that analyze traditional 
indicators, it will not be possible to analyze all storm drain samples individually with the human 
toolkit (for this study “human toolkit”  refers to the combination of quantitative assays targeting 
universal Bacteroidales, human Bacteroidales, enterovirus, and adenovirus). Thus, either (1) a subset 
of the storm drains samples would be analyzed with the human toolkit, based on flow rate or some 
other prioritizing parameter (e.g. indicator concentrations), or (2) samples from multiple storm drains 
could be combined into “composite”  samples. Both approaches involve compromises. For the former, 
specific drains could be identified as having relatively high human or non-human inputs, but it would 
be necessary to make assumptions regarding Bacteroidales loading from drains that were not 
monitored in order to perform a comprehensive mass balance (i.e. to compare the human/non-human 
loading from all storm drains when compared to the loading in the LAR). Conversely, with the latter 
(compositing) approach, only LAR areas, as opposed to individual drains, would be characterized, 
but a comprehensive mass balance could be performed.  

For the BSI Study, mass balance is considered a priority, and thus it is proposed that flow-weighted 
compositing techniques be used to combine water samples from multiple storm drains, and then be 
analyzed with the human toolkit (Bacteroidales and human viruses). For example, for three storm 
drain discharges located relatively near one another, one sample from each discharge would be 
analyzed for indicator bacteria, while for the human toolkit analyses the three samples would be 
composited into one sample, using relative proportions based on the measured flow rates. The 
advantages of using flow-weighted composites for the human toolkit analyses include the following:  

·  The number of samples (and corresponding expenses) can be reduced; 
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·  Specific areas (but not specific drains) of the LAR can still be identified as having the highest 
human fecal discharges;   

·  Follow-up analysis could be conducted towards the end of the study to analyze which 
specific drains (as opposed to LAR areas) were likely responsible for human inputs. That is, 
during preparation of indicator analyses, samples will be filtered and preserved so that human 
toolkit analyses can be conducted on samples from the individual drains making up the 
composited samples that exhibit the highest human concentrations or loading rates (note: 
there are no standard protocols that specify a maximum “holding time” that DNA can be 
frozen/archived, but it is expected that the archival time for this study will be well below 
such a holding time, and internal controls can be used to quantify any loss due to archival); 
and 

·  Bacteroidales and virus results can be applied in a mass-balance approach to evaluate the 
relative loading rates of storm drains and tributaries when compared to upstream-downstream 
differences along the LAR, thereby quantifying the relative effect of “ in-channel”  sources 
such as homeless persons.  

Overall, as described in the next section, it is envisioned that conducting mass-balance snapshots with 
traditional indicators, along with analysis of flow-composited samples using the human toolkit, will 
allow for determination of whether sources impacting the LAR are human or non-human, and 
facilitate identification of inputs (e.g. specific storm drains, tributaries, etc.) and/or areas of the LAR 
that exhibit (1) the highest indicator loading rates leading to WQO exceedances and (2)  the highest 
human-derived fecal discharges. 

5.4 PHASE I STUDY OBJECTIVES AND RELATED STUDY DESIGN ASPECTS 
Given that Phase I of the BSI Study is proposed to be based on mass-balance indicator snapshots 
along with human toolkit source tracking, and focused on Reach 2 and 4 during dry weather in 2007 
while screening a few sites in Reach 6, then the study objectives listed in Section 2 can be more 
specifically stated, and the manner in which the study design addresses these questions can be 
described, as follows: 

Question #1: (a) Are storm drains and tributaries responsible for the significant bacteria loads 
entering Reach 2 and 4 of the LAR and causing WQO exceedances? (b) And which storm drains 
and/or tributaries are contributing the highest indicator bacteria loads to Reach 2 and 4 of the LAR? 
Design Aspect #1: This question can be answered through snapshot monitoring using traditional 
indicators (total coliform, E. coli, and enterococcus), as described in Section 4.4.1. On each 
monitoring date, flow rate and indicator concentrations will be measured at nearly every flowing 
storm drain and tributary along Reach 2 and 4. As such, over the course of the study, the storm drain 
discharges and tributaries with the highest bacteria loading rates can be identified. Furthermore, the 
sum of the loading rates from all storm drain discharges and tributaries can be compared to the 
upstream-downstream differences in bacteria loading in the LAR. Recall that a similar approach was 
used during the Tier 2 study (Section 3.2.1). However, while the highest flow rate storm drain 
discharges were monitored, only six of approximately 30 drains were monitored along each Reach 2 
and 4. Thus, the BSI Study will address perhaps the most prevalent shortcoming of the Tier 2 Study 
by monitoring all storm drain discharges as opposed to only the discharges with the highest flow 
rates. In other words, at the end of the BSI Study, the results displayed in Figure 4 can be refined and 
used with more confidence. In addition, the storm drain discharges and tributaries that exhibit the 
highest bacteria concentrations and loading rates can be prioritized for source control/BMP efforts 
during implementation of the LAR Bacteria TMDL. Finally, it should be noted that the human toolkit 
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assays, because (1) they are based on PCR methods which do not rely on culturing and (2) viruses 
cannot regrow in the environment, should provide insight whether regrowth and/or resuscitation of 
indicator bacteria (as opposed to discharges to the LAR channel) is an important source of bacteria 
loading along Reach 2 and 4.  
Question #2: (a) Are human or non-human sources responsible for the significant bacteria loads 
entering Reach 2, 4, and 6 of the LAR? (b) And how does human and non-human loading from storm 
drains and tributaries compare to loading to Reach 2 and 4 of the LAR? 
Design Aspect #2: In a similar manner as the indicator snapshots, measured Bacteroidales 
concentrations can be used to determine if there are significant differences among upstream and 
downstream LAR sites, and if so, then the upstream-downstream Bacteroidales loading rate 
differences can be compared to the sum of the loadings from storm drain and tributary discharges. 
For example, if elevated human Bacteroidales concentrations occur at downstream LAR sites when 
compared to upstream, then this reflects human inputs, and the relative loading rates of human 
Bacteroidales from storm drain and tributary discharges when compared to upstream-downstream 
human Bacteroidales loading rate differences provides insight into whether those human sources are 
impacting the LAR via these conveyances or from within the LAR channel itself (i.e. homeless 
persons). In addition, the upstream-downstream LAR differences for universal Bacteroidales can be 
compared to human Bacteroidales.  In this manner, the upstream-downstream increases can be 
attributed to either human or non-human sources. For example, if universal Bacteroidales 
concentrations in the LAR increase greatly from upstream to downstream, but human Bacteroidales 
do not, then it appears that non-human sources are most prevalent. Furthermore, data collected from 
Reach 6 can be used to evaluate whether or not it seems to be impacted by similar sources as Reach 2 
and 4. Of course, field notes during monitoring, along with surveys completed by individuals familiar 
with the LAR (see Section 5.1), will provide important information regarding field observations of  
potential bacteria sources including humans, trash, birds, and other wildlife.  
 
Question #3: Which runoff sources (e.g. specific storm drain or tributary discharges) or areas along 
Reach 2 and 4 of the LAR exhibit the highest human fecal discharges? 
Design Aspect #3: Discharges with the highest abundance of human Bacteroidales and/or human 
virus concentrations will be considered to the have the highest human health risks. Epidemiological 
data are not yet available to truly quantify such risks, and cells detected with PCR might not be 
infective, but using human markers to imply increased health risks is a widely-accepted approach 
within the scientific community. In other words, while animal fecal inputs may also pose human 
health risks, it is generally accepted that health risks from contact with human feces are higher, in 
part due to the fact that viruses are predominantly host-specific. Overall, the answers to this question 
might be used to prioritize BMP implementation. For example, the storm drain discharge areas that 
are found to have the highest human fecal discharges could be prioritized for diversion, treatment, 
and/or watershed-based BMPs over outfalls that had relatively low human marker 
detections/concentrations. There are options included Section 6 for follow-up analyses of the 
archived individual samples making up composited storm drain samples, to determine which specific 
drains (as opposed to areas) might be responsible for the highest human discharges. This approach 
might be regarded as complementary to the Water Body Survey, which will prioritize LAR reaches 
for implementation based on existing beneficial uses; that is, subject to the most frequent water 
contact, which results in higher exposure. Data collected from Reach 6 can be used to evaluate the 
relative human impacts in that reach as compared to Reach 2 and 4. Finally, it should be noted that 
while no MST method is 100% host-specific (i.e., if enough fecal samples are tested, false positives 
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will eventually occur), the human assay proposed for this study has been found to have a 98% 
likelihood that detections are from human fecal sources (and not other inputs such as dogs, cows, 
birds, etc.). Detections of the “universal”  assay represent all fecal inputs (humans, dogs, birds, etc.). 
As described in Question #2, the differences in spatial and temporal patterns among the human and 
universal markers can be used to develop conceptual models of fecal inputs of human versus non-
human sources.  
 
Question #4: What are the land uses and drainage areas of the subwatersheds that are draining to the 
most problematic storm drain outfalls?  
Design Aspect #4: To answer this question, the subwatersheds that drain to storm drain outfalls with 
the highest indicator and/or Bacteroidales and virus loading rates will be delineated. That is, the 
boundaries of the subwatersheds draining to select outfalls will be determined, and used to calculate 
the encompassed drainage areas and corresponding land uses. During the Tier 2 study, historic maps 
of 10 subwatersheds were converted into a digital format and used to conduct a land use analysis, 
including the effects of land uses on bacteria loading and concentrations; a similar effort is proposed 
for the BSI Study, except with an emphasis on only those outfalls determined to be most problematic 
(as opposed to all monitored outfalls). Analyzing land uses of monitored discharges is a fundamental 
aspect of environmental microbiology (Handler et al., 2006), as land use analyses can provide better 
understanding of bacteria loading in the watershed. It is fundamental to have information regarding 
the drainage area and land uses that are contributing runoff to monitored storm drain discharges. 
Delineation allows for determination of which jurisdictions (cities) are located within storm drain 
watersheds. And perhaps most importantly, during implementation, if watershed-based BMPs (as 
opposed to diversion or “end-of-pipe”  treatment) are preferred, then it will be important to have 
information regarding the areas that are draining to problematic outfalls to assist with selection of 
BMP locations.   

Overall, the answers to questions #1-4 above should provide insight regarding how BMPs might 
generally be applied to Reach 2, 4 and 6 to maximize the likelihood of complying with TMDL targets 
and minimizing human health risks. That is, the storm drain or tributary discharges with the highest 
indicator bacteria loading rates can be prioritized for implementation, as represented in Figure 9. At 
the same time, storm drain and tributary discharges with the highest human fecal discharges can be 
prioritized for BMPs to minimize potential health risks. The types of BMPs to be implemented can be 
guided by whether source tracking results suggest that dominant sources are human or non-human. 
For instance, if inputs to a targeted LAR reach are identified as being human as opposed to non-
human, then BMPs can be directed at human sources, and the relative loading rate of the storm drain 
and tributary discharges, when compared to upstream-downstream LAR differences, can be used to 
evaluate whether those human sources are in-channel or not.  

It should be noted, however, that the results will not necessarily tell stakeholders exactly how to deal 
with the dominant source. Such information will need to be developed in cooperation with one 
another. For example, if homeless persons within the LAR channel are likely the dominant source, 
then decisions will need to be made exactly how to eliminate fecal discharges by homeless persons. 
Nonetheless, in this case (and others) results could lead to vastly more efficient BMP application, as 
expensive diversion or treatment of storm drain discharges alone might not have resulted in 
compliance with TMDL targets.  
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Figure 9. Schematic of How the BSI Study Results Could be used to Prioritize TMDL Implementation 
Actions  

 

5.5 SAMPLING LOCATIONS AND FREQUENCY 
Detailed monitoring site locations (i.e. GPS coordinates) and 2007 dry weather sampling timing (i.e. 
dates) will be specified in the Sampling and Analysis Plan (SAP), which will also be developed in 
coordination with the Working Technical Group. General recommendations for the BSI Study are 
included here in order to define the scope and cost of the BSI Study, which are presented with a range 
of options in the next section. A fundamental aspect of study design is considering the number of 
samples necessary to detect a statistically-significant difference in mean values.  

5.5.1 Site types 

As discussed in Section 5.2, during Phase I, the BSI Study sampling sites are proposed to be 
constrained to Reach 2 and 4 of the LAR, while screening a few sites in Reach 6, and sampling will 
occur during dry weather in 2007. Sampling sites for the BSI Study will likely be limited to mainstem 
LAR, storm drain discharge, and tributary sites. Recall that as described in Section 5.2, due to budget 
constraints, and the fact that source tracking laboratories cannot handle as many samples as 
laboratories that analyze traditional indicators, it is proposed that flow-weighted compositing 
techniques be used to combine water samples from three to five nearby storm drains, for analyses 
with the human toolkit (Bacteroidales and human viruses). Also note that samples from individual 
drains will be preserved and archived, and options for possible follow-up analyses to evaluate human � � �� � � � � �June 2007
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discharges from individual drains making up composite samples of interest are included in Section 6. 
Recommendations for the number of sites, based on type, are as follows, and as shown in Table 2: 
 

·  Mainstem LAR:  
o Reach 2 and 4 –  

·  Traditional Indicators: two sites at the upstream end and two sites at the                                                          
downstream end 

·  Human Toolkit: one site at the upstream end and one site at the                                                                          
downstream end 

o Reach 6 –  
·  Traditional Indicators: one site at the upstream end and one site at the                                                                          

downstream end 
·  Human Toolkit: one site at the downstream end 

 
·  Storm drain discharges:  

o Reach 2 and 4 –  
·  Traditional Indicators: one sample from each flowing site, for up to 30 sites 

per reach per event. 
·  Human Toolkit: collect one sample from each flowing site, for up to 30 sites 

per event, and combine samples from three to five nearby drains into 
composites based on flow rate, for a total of up to seven samples per reach per 
event. But note that water from every drain will be filtered, preserved, and 
archived for possible follow up analyses. In this way, the contributions from 
the individual drains could be quantified later in the study (i.e., after the data 
from the storm drain composites have been analyzed). 

o Reach 6 – none 
 

·  Tr ibutar ies: 
o Reach 2 and 4 –  

·  Traditional Indicators: one site each near confluence with the LAR in Tujunga 
Wash, Arroyo Seco, and Rio Hondo.  

·  Human Toolkit: same as traditional indicators, except Rio Hondo’s flow rate 
is so low during dry weather that it is certainly not a major source, and thus it 
will not be analyzed with the human toolkit. 

o Reach 6 – none 
 

·  POTW Pr imary Influent and Final Effluent: 
o Reach 2 and 4 –  

·  Traditional Indicators and Human Toolkit: six influent and six effluent 
samples from LA-Glendale and Tillman Water Reclamation plants (for a total 
of 12 influent and 12 effluent samples), which are at the upstream ends of 
Reach 2 and 4, respectively. Influent samples will be used to estimate 
expected human marker concentrations in illicit discharges, and effluent 
samples will be used to estimate of expected concentrations of human markers 

� � �� � � � � �at a later date
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in POTW discharges. Influent and effluent samples will be collected on dates 
that differ from the other (storm drain, LAR, tributary) measurements, as 
source tracking laboratories can handle only a relatively small number of 
samples per day. Influent samples will be primary (screened) influent, and 
effluent samples will be tertiary, disinfected effluent.  

o Reach 6 – none 

 

Table 2. Overview of the Number of Sites to be Monitored during Each Event of the BSI Study 

NUMBER OF SITES TO BE MONITORED DURING EACH BSI STUDY EVENT 

Mainstem LA River Tributaries Storm Drains Tillman and LA-Glendale 
Influent and Effluent 

 

 

 

LAR 
Reach 

Indi-
cators 

Human 
Toolkit1 

Indi-
cators 

Human 
Toolkit1 

Indi-
cators 

Human 
Toolkit1 

Indi-
cators 

Human 
Toolkit1 

Reach 2 4 2 2 1 a ~30 7 b 1 c 1 c 

Reach 4 4 2 1 1 ~30 7 b 1 c 1 c 

Reach 6 2 1 0 0 0 0 0 0 

1 – Human toolkit refers to the combination of quantitative assays targeting universal Bacteroidales, human Bacteroidales, 
enterovirus, and adenovirus. 
a – Arroyo Seco will be the only tributary analyzed in Reach 2. The flow rate of Rio Hondo is very low, and it will not be 
analyzed individually with the human toolkit. Instead samples from Rio Hondo will be combined into one of the storm drain 
composite samples, as described in footnote b.  
b – Due to limited throughput of the source tracking laboratory, and budget limitations, storm drain discharge samples from 
multiple drains will be composited into single samples, using flow-rate to determine the relative proportions. Each storm 
drain will be included in one of the analyzed composites. In general, each storm drain composite sample will be comprised 
of water from three to five storm drain outfalls.  But it should be noted that water from every drain will be filtered, preserved, 
and archived for possible follow up analyses. In this way, the contributions from the individual drains could be quantified 
later in the study (i.e., after the data from the storm drain composites have been analyzed). 
c – Due to limited throughput of the source tracking laboratory, POTW influent and effluent samples will be collected on a 
different date than the other LAR samples. The samples indicated for Reach 2 and 4 correspond to LA-Glendale and 
Tillman, respectively.  

5.5.2 Sampling Frequency 

Along with the number of sites, sampling frequency significantly affects the cost of the BSI Study. At 
the same time, the number of samples collected from each site affects the ability to detect statistically 
significant differences in mean values among sites. Other factors that affect this ability are the 
“power”  at which one wants to have confidence in results, the expected variability of the data, and the 
difference in means that would like to be observed. For the BSI Study design, statistics of indicator 
bacteria loading rates were used for a power analysis, as Bacteroidales data are not available for the 
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LAR. Based on indicator measurements, the following factors are proposed, based on a normally-
distributed data and a two-tailed, one sample (paired) t-test9: 

·  Alpha value of 0.10 (i.e. there is a 10% chance that a significant difference among two sites 
will be reported when none actually exists) 

·  Power value of 0.80 (i.e. there is a 20% chance that a significant change will be missed) 

·  Coefficient of variation of 1.0, which is based on traditional indicator loading rate 
measurements collected during the Tier 2 Study.  Coefficients of variations for storm drains 
ranged from 0.35 – 3.50, while mainstem LAR measurements ranged from 0.67 – 1.70. 

·  The difference in arithmetic mean values desired to be statistically-significantly resolved 
among sites was set at a factor of 1.50 (i.e., able to resolve a 150% difference among sites). 
For comparison, during the CREST Tier 2 Study, it was observed that the LAR has upstream-
downstream average E. coli loading rate differences of approximately a factor of 10 for 
Reach 4 and a factor of over 40 for Reach 2. This suggests that resolution of a factor of 1.50 
would provide relevant information regarding the differences in storm drain discharges and 
tributaries versus the mainstem LAR.   

Based on these parameters, it was calculated that six samples from each site (i.e., six monitoring 
events) are needed to derive statistically-significant differences among individual sites. Options for 
more than eight sampling events are included in the next section. For example, if it is desired to 
resolve differences among sites at a factor of 1.0 (instead of 1.5) then eight events would be needed 
(instead of six). 
 
It should be noted that the power analysis differs if a lognormally distribution (as opposed to normal 
distribution) is assumed. If this is the case, then the six samples per site calculated above would allow 
for tests of significant difference at the following levels, based on log-transformed data and a two-
tailed, one sample (paired) t-test9: 

·  Alpha value of 0.10 (i.e. there is a 10% chance that a significant difference among two sites 
will be reported when none actually exists) 

·  Power value of 0.80 (i.e. there is a 20% chance that a significant change will be missed) 

·  Expected coefficient of variation of 0.75, which is the median value of all sites at which 
measurements of traditional indicator loading rate measurements were collected during the 
Tier 2 Study.  Coefficients of variation (the ratios of standard deviations of log values to 
mean log values) for storm drains ranged from 0.11–1.79, with a median value of 0.76, while 
mainstem LAR measurements ranged from 0.09 – 0.17, with a median value of 0.12.  

·  With the above parameters and six samples per site, the difference in mean log values that 
could be statistically-significantly resolved is a factor of approximately 1.0 (i.e. able to detect 
a 100% percent difference among mean log values).  

For comparison, if eight events are conducted (instead of six), then a 73% difference (instead of 
100%) in mean log values could be detected at the above confidence levels.  

5.5.3 Quality Control Protocols 

The quality control protocols will be developed in detail during creation of the Sampling and 
Analysis Plan.  Perhaps the most important component of quality control is collection of quality 
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control samples in the field.  Quality control samples include field duplicates, lab duplicates, and 
blanks. Duplicates ensure that sample results are repeatable. A quality control sample rate of 20% is 
proposed, which means that for every 10 environmental samples collected, two control samples are 
collected. The number of field duplicates will outnumber the blanks, as blanks are likely only 
important for the Bacteroidales measurements, for which it is possible to observe blank 
contamination from the filter systems. All blanks and duplicates will be submitted to the laboratories 
as blind samples.  
In addition to collection of quality control samples, the study design will attempt to minimize 
variability induced by diel patterns in flow rate and sunlight intensity. That is, daily patterns in 
domestic water use and evaporation rates cause storm drain flow rates to be highly variable, with 
maximum values often occurring in the morning and minimum values in late-afternoon (Bambic, 
2005). At the same time, solar radiation, which is highest in the mid-afternoon, can inactivate 
indicator bacteria and reduce concentrations in the water column (Boehm et al., 2002). It is important 
to minimize the ability of these factors to bias the collected dataset.  In addition, the mainstem LA 
River sites along each reach should be monitored at approximately the same time to allow for more 
precise comparisons of upstream/downstream bacteria loading rates. Therefore, the sampling and 
analysis plan (SAP) will:     
                                          

1. Vary the time of day that each site is sampled over the duration of the monitoring plan; and 

2. Specify that mainstem LA River sites should be sampled at approximately the same time of 
day. 

The order of sampling for each monitoring event will be detailed in the SAP.  
 
Finally, the study design (and data analysis) will incorporate estimates of measurement error. For 
indicator and human toolkit measurements, error estimates will be based on replicate percent 
differences (RPD) among laboratory and field duplicates. For flow measurements, error can be 
estimated using literature values (e.g., manuals created by USGS), repeat measurements, and by 
comparing flow measurements collected using different methods (e.g. using a velocity meter and a 
float/timer at the same site and then comparing results).  
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The previous section proposed a general study design for Phase I, including recommendations 
regarding the number of sites and sampling events. Ultimately, the scope of the BSI Study is likely to 
be constrained by the overall cost. In this section, costs are estimated for a varying number of 
monitoring events and possible analyses of composited storm drain samples. Increasing the number 
of monitoring events increases the ability to determine statistically-significant differences among 
sites and allows for coverage of a wider range of dry weather conditions (e.g., some events could be 
conducted during dry weather in the wet season). It is envisioned that the study will be designed to be 
conducted over nine monitoring events. But after every 3 events, an update will be provided to 
stakeholders (i.e., the CREST Steering Committee) regarding data collected to date, and 
recommendations from the Working Technical Group will be provided regarding whether results 
appear to be useful to TMDL implementation and decisions can be made whether to continue 
monitoring.  Data analysis will also be used to determine if the results after six events (the minimum 
number of events deduced from the power analysis [see Section 5.4.2]) appear to be sufficient to 
answer the study design questions (and if the 7th, 8th, and 9th events can be cancelled). All options 
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include the survey of individuals familiar with the LAR, and the delineation of subwatersheds 
draining to the most problematic storm drain outfalls (up to 10 along Reach 2 and 10 along Reach 4), 
as described in Section 5.1. In addition, it should be noted that analysis of the data collected during 
the BSI Study will attempt to identify an adaptive, inexpensive approach for rapid source 
identification that could be used to assist possible future studies (e.g,, by developing correlations 
among indicator bacteria concentrations and “surrogates”  such as flow rate or turbidity). Finally, note 
that all cost estimates herein are well-developed and considered accurate, but should be regarded as 
draft, preliminary, and subject to slightly change.  
 

6.1 OPTION 1: MASS BALANCE SNAPHOTS USING TRADITIONAL INDICATOR AND 
HUMAN TOOLKIT ANALYSES, WITHOUT FOLLOW-UP ANALYSIS OF STORM DRAIN 
COMPOSITES 
The BSI Study will attempt to answer the questions detailed in Section 5.3, and thereby assist with 
BMP implementation efforts. The bacteria source tracking toolkit is based on mass balance snapshots 
with traditional indicators during dry weather, supplemented by human toolkit analyses, as follows 
(also see Section 4.4 and 5.4.1): 

·  Traditional indicator bacteria (E. coli and enterococcus) and TSS would be analyzed in all 
water samples, which will be collected from nearly all flowing storm drain discharges along 
Reach 2 and 4, along with mainstem LAR and tributary sites; 

·  In addition, traditional indicator bacteria would be analyzed in one LAR-bottom sediment 
sample per reach (2, 4, and 6) per event. These data could be used to supplement the sediment 
quality dataset collected during the Tier 2 study (as discussed in Section 3.2.2);  

·  Universal and human Bacteroidales will be analyzed in LAR and tributary samples, and flow-
composited storm drain samples (i.e. minimize cost by analyzing water from all outfalls, but 
by creating seven flow-weighted samples per event per reach, each comprised of three to five 
nearby outfalls), using quantitative PCR assays targeting universal and human markers; 

·  Enterovirus and adenovirus will be analyzed in LAR and tributary samples, and flow- 
composited storm drain samples (i.e. minimize cost by analyzing water from all outfalls, but 
by creating seven flow-weighted samples per event per reach, each comprised of three to five 
nearby outfalls),  using quantitative PCR assays; 

·  Six primary influent and six disinfected effluent samples will be collected from Tillman and 
Glendale POTWs (for a total of 12 influent and 12 effluent samples) and analyzed with 
traditional indicators and the human toolkit; 

·  Collection of quality control samples (e.g. duplicates) for all analytes above at a rate of 20% 
(two quality control samples per ten environmental samples); 

·  Flow rates would be measured at all monitored sites during each event using either timed-
volumetric (i.e. stopwatch and bucket) or depth-velocity (i.e. with [i] a handheld flow meter 
and depth-measuring device or [ii] a float, tape measure, and timer) methods, depending on 
outfall type and depth of flow;  

·  Field parameters including pH, temperature, conductivity, and turbidity; 
·  Field notes including GPS coordinates, pictures, weather, observed wildlife, humans, and 

beneficial uses. 
As stated above, it is envisioned that the study would be designed to be conducted over nine 
monitoring events. But after every three events, an update will be provided to stakeholders (i.e., the 
CREST Steering Committee) regarding data collected to date, and recommendations from the 
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Working Technical Group will be provided regarding whether results appear to be useful to TMDL 
implementation and decisions can be made whether to continue monitoring.  Data analysis will also 
be used to determine if the results after six events (the minimum number of events deduced from the 
power analysis [see Section 5.4.2]) appear to be sufficient to answer the study design questions (and 
if the 7th, 8th, and 9th events can be cancelled). Also note that this option includes the survey of 
individuals familiar with the LAR, and the delineation of subwatersheds draining to the most 
problematic storm drain outfalls (up to 10 along Reach 2 and 10 along Reach 4), as described in 
Section 5.1. 
 
Based on this Option #1, the following total costs are estimated for the BSI Study: 

 

No. of Sites Along Each Reach 
a
 

 

Option Reach 2 Reach 4 Reach 6 

No. of Dry 
Weather 

Events 
b
 

Total BSI 
Study Cost 

1a 36 36 2 3 ~$464k 

1b 36 36 2 6 ~$690k 

1c 36 36 2 9 ~$904k 
a  - The number of sites per reach represents the number that will be analyzed for traditional indicators. For the human 
toolkit analyses, during each event a total of 12 samples will be analyzed along each Reach 2 and 4, and one sample 
along Reach 6. Specifically, human toolkit samples will be analyzed as follows (also see Section 5.4.1):  

o Storm drain discharges – samples from three to five nearby drains will be flow-composited for a total of seven 
storm drain samples per event for Reach 2 and 4.  

o Tributaries – all samples from Tujunga Wash and Arroyo Seco will be analyzed.  
o Mainstem LAR – along Reach 2 and 4, one upstream and one downstream site will be analyzed along each 

reach. In addition, the downstream LAR site along Reach 6 will be analyzed. 
o Primary POTW influent – a total of six influent samples each from Tillman and LA-Glendale Water Reclamation 

Plants will be analyzed. 
o Tertiary, disinfected POTW effluent – a total of six effluent samples each from Tillman and LA-Glendale Water 

Reclamation Plants will be analyzed. 
b  - The study will be designed to be conducted over nine events. But data will be analyzed every three events to 
determine whether results appear to be useful to TMDL implementation. Data analysis will also be used to determine if the 
results after six events (the minimum number of events deduced from the power analysis [see Section 5.4.2]) are sufficient 
to answer the study design questions (and if the 7th, 8th, and 9th events can be cancelled).  
 

6.2 OPTION 2: MASS BALANCE SNAPHOTS USING TRADITIONAL INDICATOR AND 
HUMAN TOOLKIT ANALYSES, WITH FOLLOW-UP ANALYSIS OF STORM DRAIN 
COMPOSITES 
As described in Section 5.2, due to budget constraints and the limited throughput of source tracking 
laboratories, for analyses with the human toolkit (Bacteroidales and human viruses), compositing 
techniques will be used to analyze water from all outfalls by creating seven flow-weighted samples 
per event per reach, each comprised of three to five nearby outfalls. But all storm drain discharge 
sites will be analyzed individually for traditional indicators (E. coli and enterococcus). And during 
the preparation of indicator analyses, water samples from individual drains can be filtered, preserved 
and archived for follow-up analysis with the human toolkit. This could be useful in cases when 
composite storm drain samples exhibit exceptionally high concentrations or loading rates of human 
Bacteroidales or viruses; follow-up analysis of the filtrate from the individual drains making up that 
composite could be used to determine which specific outfalls were most responsible for human 
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discharges. Follow-up analyses would take place late in the study (i.e., after the data from the storm 
drain composites have been analyzed). 

Because it is not possible to predict how many follow-up analyses might be desired over the course of 
the study, “overall”  numbers of follow-up analyses are provided as options:  either follow-up analysis 
of one (of seven) composite sample per event per reach, or follow-up analysis of two (of seven) 
composite samples per event per reach. Recall that each composite sample will represent three to five 
storm drain outfalls, and thus each follow-up analysis consists of analyzing three to five filters for 
Bacteroidales and viruses.  

As such, if follow-up analyses are added to Option #1, then following total costs are estimated for the 
BSI Study using this Option #2: 

Total BSI Study Cost
 b

 

Follow-up Option used in Conjunction with Option #1
 
 

3 
Events 

6 
Events 9 Events 

Follow-up Analysis of One Composite Sample per Reach per Event
 a

 ~$485k ~$733k ~$969k 

Follow-up Analysis of Two Composite Samples per Reach per Event 
a
  ~$507k ~$777k ~$1,034k 

a – Follow up analysis of one composite sample consists of analyzing for Bacteroidales and human viruses in the filtrate 
from the three to five individual drains making up that composite sample.   
b – The study will be designed to be conducted over nine events. But data will be analyzed every three events to 
determine whether results appear to be useful to TMDL implementation. Data analysis will also be used to determine if the 
results after six events (the minimum number of events deduced from the power analysis [see Section 5.4.2]) are sufficient to 
answer the study design questions (and if the 7th, 8th, and 9th events can be cancelled).  
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