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ABSTRACT 

Fecal indicator bacteria (FIB) indicative of fecal 
contamination in urban streams and recreational ocean 
beaches in Santa Barbara, California often exceed 
recreational water-quality standards. During low flow, 
FIB and human-specific Bacteroides concentrations in 
urban streams were associated with point discharges . 
FIB concentrations varied three-fold during diurnal 
sampling as a result of small variations in these 
discharges. During storm flow, FIB concentrations 
were higher than during low flow and varied over 
three orders of magnitude. FIB in stormflow were 
associated with non-point sources, and concentrations 
decreased as fecal contamination was washed from the 
urban watershed. Sources of fecal contamination to 
near-shore ocean water included surface discharges 
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from urban streams, and fecal material from birds 
associated with sand, and to a lesser degree kelp, 
along the beachfront. FIB concentrations varied over 
three orders of magnitude during daily tidal cycles. 
Concentrations were higher during ebb tides and 
decreased to less than the detection limit during low 
tide when seepmeter and 222Rn data show groundwater 
discharge to the ocean was greatest. Groundwater 
discharge and leakage from a sewer line buried in the 
sand were not large sources of FIB contamination to 
near-shore waters. Interpretations of the sources of 
FIB from Principal Component Analysis (PCA) of 
genetic (Terminal-Restriction Fragment Length Poly­
morphism, T-RFLP , data), molecular (PhosphoLipid 
Fatty Acid, PLFA, data), and chemical data (such as 
caffeine, fecal sterols, and detergent metabolites) were 
similar and consistent with interpretations supported 
by physical measures of water flow. The most robust 
PCA resuIts were from PLFA data which explained 97 
percent of the total variance within the first and 
second principal components. In contrast PCA 
analysis of chemical and T-RFLP data, explained 34 
and 32 percent of the total variance, respectively. 
However, T-RFLP and chemical tracers captured 
relations not apparent in PLFA data, and certain 
compounds, especially the fecal sterols, lent them­
selves to specific interpretations of the origin of fecal 
contamination. 

Keywords: fecal indicator bacteria, submarine ground­
water discharge (SDG), surface water, groundwater, 
bacterial source-tracking 

1. INTRODUCTION 

Direct measurement of human pathogens in recre­
ational water is not commonly made because these 
assays are time consuming and expensive . In addition, 
assays for many human pathogens are not available 
for routine applicat ion. Instead, fecal indicator 
bacteria (FIB) are used as a surrogate for pathogens to 
determine fecal contamination and potential health 
hazards associated with recreational waters. FIB are 
used as a surrogate because they are I) easily and 
relatively rapidly measured using standardized tests, 
2) they are present at high concentrations in human 
waste, and 3) epidemiological studies have linked high 
FIB concentrations to gastrointestinal and respiratory 
illness in humans [1-61- Some of the most commonly 
used FIB are fecal coliform, Escherichia coli (E. coli), 
and enterococci. Although not necessarily fecal in 
origin, total coliform bacteria also are commonly used 
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with FIB to assess microbial contamination of 
recreational waters. 

The use of FIB to determine health hazards 
associated with recreational waters is complicated by 
their presence in warm-blooded animals other than 
humans, including seabirds living along shorelines, 
farm animals, pets, rodents and other animals common 
in urban and recreational areas . In addition to human 
and animal feces, growth or extended survival of FIB 
can occur in streambed sediments [7-10], in biofilms 
along stream channels and urban drains [II], and in 
beach sands [12-16]. The source of fecal contamin­
ation is important since it is widely believed that 
human feces pose a greater human-health risk than 
animal feces. This is because fecal contamination 
from non-human sources does not contain human­
specific viral pathogens [17]. 

Fecal contamination to urban streams and recre­
ational beaches from urban drains as incidental dis­
charges during base flow, and from larger discharges 
during stormflow , has long been known and has been 
the focus of much research in recent years [11,18-21]. 
Streamflow and other surface discharges to the ocean 
have been shown to be a source of fecal contamination 
to near-shore ocean water extending as much as 5,000 
m along the shoreline from the discharge point - with 
dilution rather than death, predation, or other bacterial 
inactivation processes being the primary attenuation 
mechanism [22]. Recent studies have implicated 
groundwater discharge as a possible source of fecal 
contamination to recreational ocean beaches [23-25]. 

In recent years, a wide range of genetic, mole­
cular, and chemical tracer techniques have become 
available to supplement traditional measurements of 
FIB concentrations in water and to aid in determining 
the source of fecal contamination [26,27] . These tracer 
techniques include, but are not limited to, I) direct 
measurement of fecal microorganisms such as 
Bacteroides or enteroviruses [28-35] . 2) genetic and 
molecular characterization of microbial populations 
associated with different fecal sources [31,36-40], and 
3) measurement of low-concentrations of chemicals 
commonly associated with human wastewater [34,41­
43], including fecal sterols [44-47]. 

The use of tracer techniques, especially 
genetically-based tracers, to determine the source of 
fecal contamination in recreational waters has 
expanded rapidly in recent years. However, only a few 
studies have attempted to constrain assessment of 
fecal contamination sources by integrating FIB data 
with multiple tracer techniques [30 ,32,36] . Even fewer 
studies have integrated FIB and tracer techn iques with 
hydrologic data that quantify the movement of water 

from different sources [11,36] or with groundwater 
exchange in beach settings over tidal cycles [32,48] . 
The combined use of FIB and multiple alternative 
tracers of fecal contamination constrained by an 
understanding of the movement of water may be a 
powerful approach for identifying FIB contributions 
from human and nonhuman sources . 

The Santa Barbara area, 150 km northwest of Los 
Angeles, California (Figure 1) was selected to test the 
use of FIB data with multiple tracers of fecal 
contamination, constrained by an understanding of the 
physical hydrology , to determine the source of fecal 
contamination in an urban setting along the Pacific 
Ocean. The study area includes urban streams and 
ocean beaches . The urban streams are potentially 
subject to point and non-point FIB contamination 
from leaking sewer lines and laterals, discharges from 
urban base flow, and storm flow runoff. Although not 
used as recreational waters, urb an streams in the area 
are subject to incidental recreational use by the local 
population, and possible contamination by a transient 
homeless population. Ocean beaches in Santa Barbara 
are used for recreation and are potentially subject to 
fecal contamination from point and non-point sources 
similar to those affecting urban streams. Of particular 
concern was the potential for leakage from a sewer 
line underlying West Beach, less than 100 m inland 
from the high tide line. In addition, the ocean beaches 
also are potentially subject to fecal contamination 
from I) shorebirds and other marine wildlife, 2) 
human use, including bathing and boating, and 3) 
discharges from streams and coastal estuaries known 
to contain high concentrations of FIB . 

1.1. Purpose and Scope 

The purpose of this study was to determine the source 
of fecal contamination to urban streams and to near­
shore ocean water in Santa Barbara, California 
between April 2005 and April 2007. The scope of the 
study included : I) measurement of stream discharge 
and sample collection along an urban stream during 
baseflow and stormflow, 2) measurement of water 
levels and sample collection from water-table wells 
installed at selected locations in the urban area, near 
the stream, and at the beachfront, and 3) measurement 
of water exchange and FIB concentrations at the 
beachfront during selected tidal cycles. Water 
exchange at the beachfront was evaluated on the basis 
of changes in water levels in wells, seepmeter data, 
and isotopic data. Potential sources of fecal contam­
ination were evaluated using genetic, molecular, and 
chemical data from surface water, groundwater, near­
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shore ocean water, wastewater, and from kelp and 
sand. Interpretations of the sources of fecal 
contamination based on these data, constrained by 
physical measures of water flow, were compared and 
contrasted. 

1.2. Hydrologic Setting 

The study area is in Santa Barbara, Cal ifomia, about 
150 km northwest of Los Angeles (Figure 1). The city 
is located on a narrow coastal strip about 5 km wide, 

flanked by mountains more than 1,300 m in altitude. 
In 2000, the population of Santa Barbara was 95,300, 
and the area is highly developed and urbanized. The 
study area has a Mediterranean climate with warm, 
dry summers and cool, wet winters. Most precipitation 
on the coastal strip, about 430 mm annually, falls 
during the rainy season from November to March. 

The study area is drained primarily by Mission 
Creek and its tributaries . Mission Creek originates in 
the Santa Ynez Mountain s to the north and discharges 
to the Pacific Ocean (Figure I). 
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Mission Creek is perennial along its lower 
reaches, where groundwater discharge sustains flow 
during the dry season [49]. In addition, base flow in 
the perennial downstream reach is sustained by flow 
from urban drains and dewatering wells used to lower 
water levels near highway underpasses and larger 
buildings. Much of the city was built in the early part 
of the zo" century. Although the sewer infrastructure 
has been updated, laterals connecting individual 
homes to the sewer may date from the time of original 
construction. The potential for sewage from leaking 
sewer lines or laterals to enter shallow groundwater 
and discharge to streams is increased by the high 
water table underlying much of the city. 

Discharge from Mission Creek to the ocean is not 
continuous. During the dry season the mouth of the 
creek is impounded by a sand berm built by wave 
action along the beach front to form a coastal estuary 
or "lagoon". Water from the lagoon either discharges 
as small flows across the berm, or as infiltration 
through the berm. In recent years, water has been 
diverted from the lagoon to the EI Estero wastewater 
treatment plant (WWTP). Occasionally the berm 
breaches, rapidly releasing a large amount of water to 
the ocean. These breaches commonly occur as a result 
of increased streamflow from precipitation and 
subsequent runoff into Mission Creek. 

West Beach is a south facing ocean beach west of 
the mouth of Mission Creek. Discharges from Mission 
Creek may be a source of fecal contamination to West 
Beach. In addition, a sewer line runs the length of the 
beach about 100 m from the high tide line. There is 
concern that leakage from the sewer may contaminate 
shallow groundwater that subsequently discharges to 
the ocean. In addition, stormwater runoff from city 
streets discharged to the beach sand and direct 
discharges from commercial and recreational boats in 
the nearby harbor are other potential sources of fecal 
contamination to West Beach. West Beach is 
relatively protected from wave action because of its 
south facing position along the Santa Barbara Channel 
and the nearby harbor. Kelp and sand along protected 
beach areas may harbor FIB [14] and contribute to 
fecal contamination of near-shore ocean water [48]. 

2. METHODS 

2.1. Field Methods 

Grab samples were collected from streams and urban 
drains in the center of flow during April 2005 and 
August 2005 (Figure 1 and Table I). Flow measure­

ments were made at the time of collection using 
current meters, flumes, or calibrated containers 
depending on site conditions. Automated samplers, 
equipped with Teflon sample lines were used to 
collect time-series data on Mission Creek at Gutierrez 
Street (site 4 in Figure 1) for diurnal sampling in 
August 2005, and stormflow sampling during January 
2006. Intakes for water samplers were located in the 
center of flow and sample lines were rinsed three 
times prior to collection of each sample. Stream stage 
was measured using pressure transducers placed near 
the sample intake. For samples collected during 
August 2005, changes in stage were converted to flow 
from concurrent discharge measurements. Discharge 
measurements needed to convert stream stage to 
stream flow were not collected during stormflow. 

Thirteen, 2-inch diameter PVC wells (Figure 
and Table I) installed using an auger drill rig were 
sampled in November 2005, May-June 2006, and 
April 2007. Wells were assigned numbers according 
to their position in the Public Land Survey System. In 
Tables and Figure titles, the complete well number 
including township, range, section, and sequence 
number is provided (for example 4N/27W-22R3). In 
the text a shortened form of the well number including 
only the section and sequence number (22R3) is used. 
Pressure transducers were installed on selected wells 
and data are available in the National Water 
Information System (NWIS-Web) and an online 
computer database operated by the U.S. Geological 
Survey. Prior to sample collection, wells were purged 
using portable pumps. Pumps were cleaned using 
Liquinox and distilled water between wells to 
minimize cross contamination. After purging, water 
samples from the wells were collected using peristaltic 
pumps. New nylon tubing (with a short length of 
Tygon tubing near the pump head) was used for each 
well and then discarded after use. Samples for trace 
organic and fecal sterol analysis were collected from 
wells using new glass bailers after the pumped 
samples were collected. Bailers were discarded after 
use. Most wells were sampled three times during the 
study. Well, 22R3, along the West Beach cross­
section at the high-tide line (Figure 1) was sampled 
hourly during selected ebb tides in November 2005, 
May-June 2006, and April 2007. An additional well 
was installed and sampled at the beach front during 
April 2007 to supplement data from Well 22R3, which 
because of sand accumulation on the beach was no 
longer located at the high tide line. Well 21G3 (Figure 
1), was destroyed during the study and was only 
sampled twice. 

Grab samples of near-shore ocean water were 
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collected in the "swash zone", approximatel y between 
ankle and mid-calf in depth, so that the sample depth 
remained approximately constant but the location 
varied with the ebb and flow of the tide. Boehm, [22] 
showed little difference in FIB concentrations in 
samples collected at ankle and waist depth for at 
beach near Avalon, California. Grab samples of 
influent to the EI Estero WWTP (Figure I) were 
collected using sampling equipment available on site. 

Kelp and sand from the upper 0.5 cm were 
collected from near the high tide line along West 
Beach. Samples were collected with stainless steel 
implements and placed in stainle ss steel buckets. 
Implements and buckets were cleaned and baked at 
800aC prior to use. The buckets were discarded after 
use and sample implements were thoroughly cleaned 
and rinsed with organic-free water between sample 
collection . The mass of the sample was determined in 
the field by subtracting the weight of the bucket from 
the weight of the sample plus the bucket. Samples of 
kelp and sand were washed with organic-free water 
adjusted to seawater salinity using organic-free NaCI. 
Organic-free NaCI was prepared by baking reagent 
grade NaCI at 800aC for 24 hours. The baked NaCI 
was stored in baked glass containers and added to the 
organic-free water immediately before use in the field. 
The supernatant was decanted from the buckets and 
stored in appropriate bottles using sample handling 
and preservation procedures described below. 

pH and specific conductance were measured in 
the field using portable meters. Dissolved oxygen also 
was measured in the field using the indigo-carmine 
method (CHEMetrics, Inc., Calverton, VA). Water 
samples for selected anions , cations, and nutrients 
were filtered in the field though 0.45 urn pore sized 
filters, placed in plastic bottles and chilled. Samples 
for cation analysis were preserved in the field using 
nitric acid. Samples for FIB were unfiltered , placed in 
sterile bottles, and chilled. Samples for human­
specific Bacteroides and enteroviru ses, T-RFLP, 
PLFA, were unfiltered, placed in I L glass bottles, and 
chilled. Samples for trace organic compounds were 
unfiltered, placed in I-L glass bottles, preserved in the 
field using 10 mL of dichlorometh ane, and chilled. 
Aluminum foil lined caps were used to seal sample 
bottles intended for trace organic analysis. AII l-L 
glass bottles were baked at 800aC prior to use. 

Most FIB samples and samples for Bacteriodes, 
enteroviruses, and T-RFLP were delivered to respect­
ive labs for analysis within 8 hours of coll-ection. 
Stormflow samples and samples from diurnal studies 
that were collected after 2:00 PM were delivered to 
the lab the next morning. All other samples were 

shipped on the day of collection by overnight delivery 
to their respective laboratories for analysis . 

2.2. Analytical Methods 

Total coliform and E coli were analyzed by Colilert 
and enterococci were analyzed using Enterolert 
(IDEXX, Westbrook MN) at the City of Santa Barbara 
Water Resources Laboratory. A range of dilutions was 
used to ensure proper quantification of samples in 
accordance with the manufacturer s' specifications. 

Samples for human-specific Bacteroides [50], and 
enteroviruses were analyzed at the University of 
Southern California in Los Angeles, California. These 
samples were filtered in the laboratory within 8 hours 
of collection onto 47-mm 0.2-/lm pore size Durapore 
filters. For surface-water and groundwater samples, 
the volume filtered ranged from 120 to 1,000 mL 
depending on the suspended sediment in the sample. 
Samples from the wastewater treatment plant and 
water rinses from kelp were difficult to filter and 
volumes ranged from 12 to 80 mL. Filters were frozen 
after filtration and thawed prior to extraction and 
analysis. DNA was extracted from all samples using 
the MoBio Ultraclean Fecal DNA kit and eluted in 
50/lL. The extracted DNA was quantified using the 
Molecular Probes dsDNA Quantitation Kit. 
Bacteroides levels were determined by SYBR Green­
based quantitative Polymerase Chain Reaction (qPCR) 
[51]. For samples with DNA levels >0.2 ng/L, 2 ng of 
DNA were used as the template for the qPCR reaction. 
For samples with less than 0.2 ng DNA, 4 ~IL of 
eluted DNA was used. All samples were run in 
duplicate with a standard curve having a range of 102 

to 108 copies from a plasmid containing the target 
gene fragment. Samples for enteroviruses were 
filtered in the laboratory within 8 hours of collection 
and the frozen. The volume filtered for each sample 
ranged from 25 to 1,000 mL depending on the ease of 
filtration. RNA was extracted using the Qiagen 
RNeasy Mini Kit (tissue protocol) with the QIAvac 
Manifold. Reverse Transcription and the qPCR were 
done in a single reaction [50]. All samples were run in 
duplicate with additional duplicate samples spiked 
with vaccine-type poliovirus to test for inhibition. A 
standard curve was run simultaneously with a range 
3.3 x 101 to 3.3 x 105 poliovirus particles per assay. 

Samples for Terminal Restriction Fragment 
Length Polymorphism (T-RFLP ) measurements were 
analyzed by the University of California at Santa 
Barbara. Samples were filtered in the lab within 8 
hours of collection, and microbial cells were separated 
from particulate material using methods described by 
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LaMontagne and Holden [52]. Cells were concen­
trated by centrifugation and DNA within the cells was 
extracted and purified using commercially available 
kits (UltraClean DNA; MoBio Laboratories Inc., 
Solana Beach, California) as specified by the manu­
facturer. After extraction and purification, the DNA 
was stored at -80°C until analysis [52]. 16rRNA genes 
from the purified DNA were amplified using 
Polymerase Chain Reaction (PCR) with eubacterial 
primers 8F hex (fluorescently labeled forward primer) 
[53] and 1389R [54]. PCR reaction mixtures were 
processed on a PCRSprint thermal cycler (Hybaid US, 
Franklin, Mass.) using analytical and quality control 
procedures described by LaMontagne et al. [55]. PCR 
products were purified with the High Pure Kit 
(Boehringer Mannheim, Indianapolis, IN) and 
digested with H-ha 1 and Msp 1 restriction enzymes. 
The restriction enzymes were inactivated by heating 
(65°C for 10 min) and the length of the fluorescently 
labeled fragments was determined with an Applied 
Biosystems Instruments Model 373A automated 
sequencer (AB!: Foster City, California). 

Samples for phospholipid fatty acids (PLFAs) 
were analyzed by Microbial Insights in Rockford, 
Tennessee Samples were chilled and shipped in 
coolers on the day of collection for overnight delivery. 
Upon arrival at the lab, lipids were recovered using a 
modified Bligh and Dyer method [56]. Extractions 
were performed using one-phase chloroform­
methanol-buffer extractant. Lipids were recovered, 
dissolved in chloroform, and fractionated on 
disposable silicic acid columns into neutral-, glyco-, 
and polar-lipid fractions. The polar lipid fraction was 
transesterified with mild alkali to recover 
phospholipid fatty acids (PLFA) as methyl esters in 
hexane. PLFA were then analyzed by gas 
chromatography with peak confirmation performed by 
electron impact mass spectrometry (GC/MS). 

Samples for selected wastewater indicators were 
analyzed by the U.S. Geological Survey National 
Water Quality Laboratory (NWQL) in Denver, 
Colorado Samples were preserved in the field using 10 
mL of reagent grade dichloromethane (DCM), chilled, 
and shipped in coolers on the day of collection for 
overnight delivery to the lab. The DCM inhibited 
microbiological degradation and began the extraction 
of nonpolar organic compounds within the sample. 
Analysis was by Continuous Liquid-Liquid Extraction 
and Capillary-Column Gas ChromatographyfMass 
Spectrometry [57]. Samples for nutrient analysis were 
field filtered, chilled and shipped to the U.S. 
Geological Survey National Water Quality Laboratory 
in Denver, Colorado for analysis by various methods 

described by Fishman et al. [58]. 

2.3. Methods to Measure Exchange of Ocean 
Water with Groundwater 

Seepmeter, radon-222 CZ22Rn), and direct-current 
marine-resistivity data were collected to assess the 
magnitude, variability, and timing of exchange of 
near-shore ocean water with shallow groundwater. 
Direct-current resistivity data were collected from a 
boat along West Beach, near the mouth of Mission 
Creek, and along the beach to the east to determine the 
representativeness of seepmeter and 222Rn data 
collected in more limited areas along the beachfront. 

The seepmeters used in this study focus water 
through a 2.5-cm-diameter orifice at the top of a 1.2­
m-diameter dome emplaced in the beach sand just 
below the low-tide line [59]. An electromagnetic (EM) 
flowmeter embedded within the orifice measures 
velocity according to Faraday's Law, where the 
voltage generated by movement of water through an 
induced magnetic field is proportional to the velocity 
of water flowing through the field [60]. The small 
diameter of the orifice constricts flow, thereby 
increasing the velocity of the water and increasing the 
sensitivity of the seepmeter. Positive values reflect 
discharge of water from the beach to the ocean; 
negative values reflect movement of water from the 
ocean into the beach deposits. Seepmeters must be 
deployed in a relatively calm environment as waves 
and currents may dislodge the meter and produce 
inaccurate results [61,62]. For this reason it is often 
difficult to operate seepmeters for extended periods. 
Seep meter data are point measurements, and 
measurements can vary spatially and with depth [63]. 

222Rn is produced by the decay of radium-226 
CZ26R a) in the uranium-238 decay series and has a half­
life of 3.8 days. Radon is the heaviest of the noble 
gases, does not react chemically with aquifer surfaces, 
and is highly mobile in groundwater [64]. 222Rn 
concentrations in groundwater are commonly several 
orders of magnitude higher than in ocean water. 
Diffusion of 222Rn from sediments is small [65], and 
increasing 222Rn activities in near-shore ocean water 
reflect discharge of shallow groundwater [64,66] and 
exchange of water between the ocean and beach 
deposits [64,67]. 222Rn was measured on an almost 
continuous basis using a water/air exchanger and a 
radon-in-air monitor [67,68]. In addition, 222Rn data 
average groundwater discharge over larger volumes 
than the point measurements obtained from 
seepmeters and are often a better indicator of 
exchange between groundwater and the ocean [68]. 
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Direct-current marine-resistivity data were 
collected using a 112-m cable containing a 56­
electrode array [68,69]. For marine application s, GPS 
data were logged, while water depth and the ship's 
position were recorded on a separate GPS-enabled 
fathometer. Continuou s salinity and temperatu re data 
also were recorded. 

3. RESULTS 

3.1. Fecal Indicator Bacteria, Bacteroides, and 
Enteroviruses in Urban Streams 

Streamflow and FIB concentrations were measured 
during baseflow in Mission Creek (including its 
tributary, Old Mission Creek) and Arroyo Burro, 
another urban stream, on April 19-21, 2005 and 
August 2-4, 2005 (Figure I). On the basis of those 
data, 24-hour sample collection was done August 3-4, 
2005 at Mission Creek at Gutierrez Street (Site 4, 
Figure I) to determine temporal variability in FIB 
concentrations in the downstream urbanized reach of 
Mission Creek. Stormflow samples also were 
collected at Mission Creek at Gutierrez Street during 

APRIL 19-20 

0.2 I 
Haley street ./ InlJow ofOld Mission Cr
 
drainfBi : 0
 

\ I /
0.1	 , 7 I 

11 13 

O '------'------' ---'---~------'------L- ----'-----' 

o 

January 1-3, 2006 to determine FIB concentrations 
and sources during stormflow. 

3.I.l Seasonal and Spatial Distribution of Fecal 
Indicator Bacteria, Bacteroides, and Enteroviruses 

Streamflow and FIB concentrations measured in 
Mission Creek during April 19-20 and August 2-4, 
2005 provide a synoptic (snap-shot in time) view of 
streamflow and FIB concentrations under base flow 
conditions during spring and late summer (Figure 2 
and Table I). 

Flow near the mouth of Mission Creek during 
April was as high as 0.1 ml/s. Streamflow during 
August was almost an order of magnitude less than 
flow during April. Discharge from Old Mission Creek, 
groundwater, storm drains, and dewatering wells used 
to lower the water table near highway underpasses 
contributed to flow along the downstream reaches of 
Mission Creek during both April and August (Figure 
2). The upstream reach of Mission Creek where 
groundwater discharge and other sources of water 
were not present was dry during August, 2005 (Figure 
2). 
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Figure 2 Streamflow and fecal indicator bacteria (FIB) concentrations at selected sites along Mission Creek, 
Santa Barbara, Californ ia April 19-20 and August 2-4, 2005. 
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Table 1 Selected surface water sample sites, including stormdrains tributary to Mission Creek, Santa Barbara, 
California. [Number or letter corresponds to number or letter on Figure I. Distance, in kilometers, corresponds to 
data shown on Figure 2. Additional sites shown on Figure I that are not specifically discussed in the paper are 
not listed.] 

Number Site name Distance upstream from 
mouth (kilometers) 

I Mission Creek at mouth o 
2 Mission Creek at Mason Street 0.26 

3 Mission Creek at Montecito Street 0.63 

4 Mission Creek at Gutierrez Street 0.79 

5 Mission Creek at Haley Street 0.99 

6 Mission Creek at Bath Street 1.16 

7 Mission Creek at Cannon Perdido 1.64 

8 Mission Creek upstream from mouth of Old Mission Creek 1.85 

9 Mission Creek at Anapamu Street 2.13 

10 Mission Creek at Michel Torina Street 2.66 

11 Mission Creek at West Mission Street 3.76 

12 Mission Creek at Dela Vina Street 5.29 

13 Mission Creek at Rocky Nook Park 6.77 

14 Old Mission Creek at mouth 1.80 

15 Old Mission Creek at Anapamu Street 2.32 

16 Old Mission Creek at Bohnett Park 2.40 

17 Old Mission Creek at West Victoria Street 2.50 

A discharge from drain at Highway 101 0.70 

B discharge from drain at Haley Street 0.99 

C discharge from drain at Carrillo Street l.81 

D discharge from drain at Victoria Street 2.28 

E inflow to drain at Cabrillo Boulevard 

During April 19-20,2005, total coliform bacterial 
concentrations at selected sites along Mission Creek 
ranged from 1,500 to >24,000 MPN per 100 mL. At 
the same time, E. coli, and enterococci concentrations 
ranged from 31 to 3,000 and 41 to 360 MPN per 100 
mL, respectively (Figure 2). During August 2-4,2005, 
total coliform concentrations were higher than the 
April measurements, and ranged from 1,500 to 
170,000 MPN per 100 mL (Figure 2). Similarly, E. 
coli and enterococci concentrations also were higher 
in August and ranged from 200 to 14,000 and 31 to 
1,600 MPN per 100 mL, respectively. During both the 
April and August, 2005 sample collection periods, the 
lowest FIB concentrations were near the mountain 
front upstream from the urbanized area (site 13). 
Although FIB concentrations generally increased 
downstream, these increases were not monotonic and 

FIB concentrations varied along the stream reach. 
FIB concentrations measured in the discharge 

from four sampled drains tributary to Mission Creek 
(Figure I, sites A, B, C, and D) were generally higher 
than those in the creek during both the April and 
August, 2005 sample periods. Total coliform concen­
trations in these four drains were as high as >240,000 
MPN per 100 mL. E. coli and enterococci concentra­
tions ranged from 540 to 29,000 and <10 to >240,000 
MPN per 100 mL, respectively (data not shown on 
Figure 2). FIB concentrations from all sampled drains 
were higher during August than April. FIB concentra­
tions were highest from the drain near Victoria Street 
(Site D), although the FIB loads to Mission Creek 
were higher from the Haley Street drain (Site B) 
because discharge was greater. FIB concentrations 
were lowest from the drain at Highway 101 (site A) 
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that contains a high fraction of shallow groundwater 
from dewatering wells . 

Human-specific Bacteroides was detected in 
samples from the mouth of Mission Creek (site I) and 
from three drains tributary to Mission Creek (sites 
B,C, and D) (Table 2). Although most concentr ations 
were low, concentrations in the Haley drain on June 2, 
2006 (Site B) were four orders of magnitude higher 
than other detections and were within 2-orders of 
magnitude of the concentrations in wastewater 
influent (Table 2). Enterovirus also were detected in 
samples from the Haley Drain (site B) (Table 2) and, 
with the exception of the EI Estero WWTP, Haley 
drain was the only site where enterovirus was 
detected. 

3.1.2 Diurnal Variations in Fecal Indicator 
Bacteria 

Data were collected from Mission Creek at Gutierrez 
Street (Site 4) over a 24-hour period during August 3­
4, 2005, after an extended period of baseflow, to 
measure diurnal variations in FIB concentrati ons. 

Streamflow in Mission Creek at Gutierrez Street 
during August 3-4, 2005 ranged from 0.009 to 0.0 I 
m)/s (Figure 3). If streamflow was maintained only by 
groundwater discharge, there should be only small 
diurnal variations from transpiration by riparian 
vegetation. These variations would produce a 
sinusoidal variation in flow, with lower flows during 
the day and higher flows during the night. However, 
streamflow abruptly increased at about 6 AM ­
lagging early morning increases in municipal water 
deliveries by less than an hour (Figure 3). The 
increased streamflow preceded increased inflow into 
the WWTP by only about 0.5 hour. However, stream­
flow did not continue to increase over the next 3 hours 
in the same manner as WWTP inflow (Figure 3). It is 
possible that the increase in early morning streamflow 
is the result of increased urban flow through lawn 
watering or other outdoor uses rather than leaking 
sewer lines. Urban contribution s to Mission Creek at 
Gutierrez Street continued throughout the day and 
include discharge from storm drains, discharge from 
dewatering wells, leaking pipes or sewer lines, and 
runoff from lawn watering and other outdoor uses. 
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Figure 3 Streamflow and fecal indicator bacteria (FIB) concentrations in Mission Creek at Gutierrez Street, 
Santa Barbara, California, August 3-4, 2005 . 
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Table 2 Human-specific Bacteroides and Entrovirus results for selected samples from urban stream and 
recreational beaches, Santa Barbara, California [±, plus or minus I standard deviation, for the purposes of this 
paper ± 2 standard deviations are considered as statisticaJJy significant result] 

Site Station name Date Time Bacteroides, in enteroviruses, in 
10* target copy viral particles per 

number per liter liter 
Stream sites 

1 Mission Creek at Mouth 6/1/06 13:00 47.1 ± 11.8 <0.1 ± 0.1 
4/17/07 12:30 <0.1 ± 0.1 <0.1 ± 0 ,1 

4 Mission Creek at Gutierrez 8/4/05 07:45 <0.1 ± 0.1 <0.1 ± 0.1 
14 Old Mission Creek at Mouth 8/4/05 09:00 <0.1 ± 0.1 <0.1 ± 0.1 

<0.1 ± 0.1 
-­ Arroyo Burro Creek at mouth 8/4/05 07:45 <0.1 ± 0.1 <0.1 ± 0.1 

<0.1 ± 0.1 
Drain sample sites 

B 
Haley drain discharge at Mission 
Creek 

8/4/05 08:30 1J-­ 89 ± 0.1 

1,./ -­ 22 ± 0.1 
6/2/06 08:00 7.1±1.5xI04 <0.1 ± 0.1 

D 
Victoria drain discharge at 
Mission Creek 

6/6/06 11:30 294 ± 139 <0.1 ± 0.1 

-­ Cabrillo Street drain inflow 4/20/07 06:00 9.3 ± 0.8 <0.1 ± 0.1 
Near-shore ocean sam Ie sites 

-­ West Beach at cross-section 6/1/06 02:00 38.3 ± 11.0 <0.1 ± 0.1 
6/1/06 10:00 557±515 <0.1 ± 0.1 
4/17/07 21:00 20 ± 0.8 0.11 ± 0.11 
4/18/07 00:00 4.2 ± 2.7 <0.1 ± 0.1 
4/18/07 04:00 6.7 ± 6.7 <0.1 ± 0.1 
4/20/07 10:00 23 ± 10 <0.1 ± 0.1 
4/20/07 13:00 86 ± 40 <0.1 ± 0.1 

-­ lIWest Beach at Mission Creek 8/4/05 -­ <0.1 ± 0.1 <0.1 ± 0.1 
<0.1 ± 0.1 

-­ 11 Arroyo Burro Beach 8/4/.05 -­ <0.1 ± 0.1 <0.1 ± 0.1 
<0.1 ± 0.1 

Well sample sites 
21GJ 4N/27W-2IGJ 6/2/06 09:00 0.2 ± 0.2 <0.1 ± 0.1 
21G4 4N/27W-2IG4 4/20/07 II :00 <0.1 ± 0.1 <0.1 ± 0.1 
22R2 4N/27W-22R2 6/1/06 11:2 <0.1 ± 0.1 0.3 ± 0.3 

4/18/07 II :45 0.43 ± 0.21 0.19±0.19 
22R3 4N/27W-22R3 6/1/06 02:00 <0.1 ± 0.1 <0.1 ± 0.1 

6/1/06 10:00 6.7 ± 6.7 <0.1 ± 0.1 
4/17/07 21:00 1.2 ± 1.2 <0.1 ± 0.1 
4/18/07 00:00 0.11 ± 0.004 <0.1 ± 0.1 
4/18/07 04:00 <0.1 ± 0.1 <0.1 ± 0.1 

2212 4N/27W-2212 6/2/06 13:30 0.5 ± 0.5 <0.1 ± 0.1 
4/17/07 09:30 <0.1 ± 0.1 <0.1 ± 0.1 

2213 4N/27W-2213 6/2/06 13:20 <0.1 ± 0.1 <0.1 ± 0.1 

*Site Identification (Figure I, Table I), .11 Sample collected by Heal the Ocean, Hillary Houser, Written 
communication, August, 2005; 'f./Poor recovery from samples spiked with Bacteroides DNA suggesting that 
interference may have masked detection of Bacteroides 
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Table 2 (continued) Human-specific Bacteroides and Entrovirus results for selected samples from urban stream 
and recreational beaches, Santa Barbara, California [±, plus or minus I standard deviation, for the purposes of 
this paper ± 2 standard deviations are considered as statistically significant result] 

Site Station name Date Time Bacteroides, in enteroviruses, in 

ID target copy v iral particles per 
number per liter liter 

23MI 4N/27W-23M I 5/3 1/06 09 :30 <0. 1 ± 0.1 <0. 1 ± 0 .1 

4IJ9/07 12:30 <0.1 ± 0.1 0 .26 ± 0.26 

23M2 4N/27W-23M2 5/31 /06 14: 10 24 ± 24.0 <0. 1 ± 0.1 

4IJ9/07 10:45 <0.1 ± 0.1 <0. 1 ± 0.1 

4IJ9/07 10:46 <0.1 ± 0.1 <0. 1 ± 0.1 

23M3 4N/27W-23M3 5/31 /06 12:30 4.7 ± 4.7 <0.1 ± 0 .1 

Special source 

-- EI Estero WWTP 6/2/06 10:00 1.73 ± 0.25 x 106 28.4 ± 26 

4/17/07 10:00 3.35 ± 3.7 x 106 682 ± 40 

-­ Kelp extract from West Beach 4/16/07 12:30 <0. 1 ± 0.1 <0. 1 ± 0 .1 

4IJ9/07 13:00 63 ± 63 <0. 1 ± 0.1 

-­ Sand extract from West Beach 4IJ7/07 13:00 l.l±l.l <0. 1 ± 0.1 
I"Site Identification (FIgure I, Table I), - Sample collected by Heal the Ocean, Hillary Houser, written 

communication, August, 2005 ; '1,./ Poor recovery from samples spiked with Bacteroides DNA suggesting that 
interference may have masked detection of Bacteroides 

Total coliform bacteria con centrations in Mission 
Creek at Gutierrez Street measured during August 3-4 , 
2005 ranged from about 8 I ,000 to greater than 
240,000 MPN per 100 mL. E. coli and enterococci 
concentrations ranged from 730 to 2,800, and 100 to 
2,000 MPN per 100 mL, respectively . FIB 
concentrations were higher and more variable during 
the day, especially in the early morning when runoff 
from lawn watering and other outdoor uses 
contributed to streamflow (Fi gure 3). After the early 
morning measurements , the magnitude and variability 
of FIB concentrations de creased during the day 
presumably as fecal material that accumulated on 
streets was washed into the stream . An increase in FIB 
concentrations oc curred in the evening beginning at 
about 1700 hrs . This increase occurred at about the 
same time as evening increase inflows to the 
wastewater treatment plant (Figure 3). Direct leakage 
of sewer lines into the stream was not observed during 
this study and did not appear to occur in the morning 
hours, but unpermitted discharge to urban drains could 
cause changes in FIB con centrations measured in 
Mission Creek and would be consistent w ith the 
presence of human c-specifi Bacteroides in these 
drains . 

Total coliform and E. coli concentrations were 
positively correlated (r = 0.64), while the correlat ion 

was less for total coliform and enterococci (r = 0.37) . 
The correlation between E. coli and enterococci (r = 
0.06) was' not statistically significant. The lack of 
correlat ion between E. coli and enterococci 
concentrations suggests that these bacteria may be 
contributed to the stream from different sources in the 
watershed, each having different environmental and 
hydrologic histories that contribute to differential 
survival of FIB. 

3.1.3 Fecal Indicator Bacteria in Storrnflow 

FIB concentrations were measured in Mission Creek 
at Gutierrez Street during a series of stormflows 
between January 1-3, 2006 (F igure 4). Total precipita­
tion during this period was about 95 mm . Sto rm flow 
from a preceding storm that produced 44 mm of 
precipitation on December 31, 2005 was not sampled . 
The December 31 Sl stormflow probably washed much 
of the highly mobile FIB and other material from the 
watershed that had accumulated in streets, storm­
drains, and stream ch ann els since the previous storm 
in September 2005 . As a consequence, contributions 
from sanitary sewer lines , which could pressurize and 
leak as a result of increased flow during storms, were 
thought to be more easil y detected during the sampled 
stormflow. 
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Figure 4 Precipitation, stream stage, and fecal indicator bacteria (FIB) from storrnflow in Mission Creek at 
Gutierrez Street, Santa Barbara, California, January 1-2, 2006. 

Stream stage increased in distinct peaks as a 
result of precipitation during January 1-3, 2006 
(Figure 4). Total coliform, E. coli, and enterococci 
concentrations were as high as >242,000, 9,870 and 
16, I 00 MPN per 100 mL, respectively. FIB concentra­
tions generally decreased during the sample period 
although FIB concentrations increased during 
stormtlow peaks. This decrease in concentrations 
during the storm is more consistent with successive 
stormtlows washing material from the watershed than 
with repeated leaking from sanitary sewers during 
successive stormtlow. FIB concentrations in storm­
tlow samples were highly correlated with each other, 
having correlation coefficients ranging from 0.81 to 
0.71 and suggesting a more uniform source and 
environmental history for FIB during stormtlow than 
for diurnal variations discussed previously . 

3.2. Fecal indicator Bacteria, Bacteroides, and 
Enteroviruses in Shallow Groundwater 

Depth to water in sampled wells ranged from less than 

1 to 5.3 m below land surface . Depths to water were 
greater inland in the upland residential areas, and less 
along Old Mission Creek and near the ocean . 

Total coliform was detected at least once in every 
well installed as part of this study . The median 
concentration was 295 MPN per 100 mL , for samples 
having detections (data not shown) . The highest total 
coliform concentration (>240 ,000 MPN per 100 mL) 
was measured in a sample collected from well 23M2 
near the mouth of Mission Creek in November 2005. 
E. coli and enterococci were detected in 7 and 8 of the 
13 sampled wells, respectively . The highest E. coli 
and enterococci values were 1,300 and 13,000 MPN 
per 100 mL in water from wells 23Ml and 23M3, 
respectively, near the mouth of Mission Creek. 

E. coli and enterococci concentrations were 
lowest in water from wells in the inland residential 
areas (21 G3-5). E. coli was not detected in any of 
these well s and enterococci was detected once in 
water from well 21 G5 adjacent to Old Mission Creek. 
Low FIB occurrence in shallow groundwater in this 
area suggests that leakage from lateral lines 
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connecting o lder residential development to the sew er 
has not resulted in extensive FIB contamination of 
shallow groundwater in this part of the city. This is 
consistent with streamflow and FIB data from Mission 
Creek that shows diffuse sources of FIB 
contamin ation associated with dischargi ng 
groundwater were less important than point sou rces 
associ ated with urban drains . 

Hum an- specifi c Bacteroides were detected at low 
levels in water from wells 22 R2 and 22R3 during the 
April 200 7 sampl e collection (Table 2). Well 22 R2 , 
adj acent to the sewer line along West Beach well, is 
close r to the beach front. However, neither of these 
dete ctions were assoc iated with high FIB 
concentrations . Recent work has shown Bacteroides to 
be poorl y correlated w ith detections of traditi on al FIB 
[70] . 
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3.3. Fecal Indicator Bacteria, Bacteroides, and 
Enteroviruses in Near-Shore Ocean Water 

FIB data were collected from near-shore ocean-water 
at West Beach over three tidal cycles durin g 
November 14-18 , 2005, May 30-June 3, 2006, and 
Ap ril 16-22, 2007 (Figures 5-7). The November 2005 
and April 2007 sample periods bracketed a "s pring" 
tide (hig hest high and lowest low monthly tide s) . Th e 
June 2006 sample peri od bracketed a neap tide (the 
lowest monthly tidal fluctuation). FIB data were 
co llec ted hourl y in near- shore ocean water and from 
well 22 R3 during ebb of the spring and neap tides . 
The three data se ts reflect dry, non -precip itation 
per iod s, wi th the exception of after April 20, 2007 
when about 25 mm of precipitation fell during a late­
season storm. 
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Figure 5 Groundwater levels at weI14N/2 7W-22R3, tides, groundwa ter discharge, spec ific conductanc e of 
groundwa ter discharge , radon-222 con centrations, and fecal indicator bacter ia concentrations in near-shore ocean 
water, West Beach , Sa nta Barbara, California, du ring ebb-tide November 16-17 , 2005. 
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Total coliform concentrations in near-shore ocean 
water during the three sampled tides ranged from less 
than the detection limit of 10 to 21,000 MPN per 100 
mL. E. coli and enterococci concentrations in near­
shore ocean water ranged from less than 10 to 5,200 
and less than 10 to 2,500 MPN per 100 mL. About 45 
percent of enterococci samples exceeded the 
California state marine recreational contact single 
sample standard of 104 MPN per 100 mL [71]. 
Similar large variations in FIB concentrations over 
short time intervals were observed at other sites in 
California [72]. Samples for regulatory purposes are 
collected once daily without regard for hydrologic 
conditions such as tides. FIB data collected during this 
study suggest that samples collected without reference 
to ambient conditions, such as tides, may be 
inadequate to characterize FIB concentrations at 
recreational ocean beaches. 

Human-specific Bacteroides was present in low 

concentrations in the near-shore ocean water at West 
Beach in 6 of 7 samples (Table 2). Enteroviruses were 
not detected in any of those samples. Bacteroides 
samples were not collected at the same frequency as 
FIB, but the high frequency of detection suggests that 
low-levels of human fecal material were consistently 
present and could be at least partly responsible for at 
least some of the FIB detected on West Beach. 

3.4. Possible Sources of Fecal Indicator Bacteria 

Possible sources of FIB to near-shore ocean water at 
West Beach include I) groundwater discharge 
contaminated with sewage from the nearby sewer line, 
2) sewage from commercial and recreational boats in 
the nearby harbor, 3) guano contaminated sand, kelp, 
and debris on the beach, and 4) discharge from 
Mission Creek. 
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Groundwater discharge to West Beach near well 
22R2 along Cabrillo Boulevard (Figure 8) was a 
considered a possible FIB source because of the 
proximity of the sewer line to the beachfront. Recent 
work at similar sites has suggested that groundwater 
discharge contaminated with sewage, especially at low 
tide, may be a source of FIB to ocean beaches 
[23,24,48]. Total coliform, enterococci, and E. coli 
concentrations in water from well 22R3 were 
generally less than the detection limit, and maximum 
FIB concentrations from this well (630, 85, and 63 
MPN per 100 mL, respectively) were lower than 
concentrations in near-shore ocean water. Low levels 
of human-specific Bacteroides were detected once in 
water from well 22R3, during the April 2007 sample 
collection, after waves associated with a south swell 
drove water into the beach. 

FIB concentrations in the nearby harbor (Figure 
I) have been monitored at seven locations by the City 
of Santa Barbara since 200 I (City of Santa Barbara, 
written commun., 2007). Data show low-levels of FIB 
that do not approach standards for recreational water 
or concentrations measured at West Beach. In addition 
to monitoring within the harbor, sewer lines on the 
wharf near the harbor are routinely inspected to ensure 
their integrity. Monitoring within the harbor and 

inspection of infrastructure does not exclude the 
possibility of discharges from commercial or 
recreational boats outside the harbor. If these 
discharges occur they would be expected to contain 
human-specific Bacteroides and other indicators of 
human fecal contamination consistent with sewage. 

Kelp present at the high spring tide line and 
guano contaminated beach sands had high concen­
trations of FIB (Table 3). These materials may be a 
source of FIB at the ocean-beach interface especially 
during the spring tide when high tides wash material 
that has accumulated on the beach during the past 
month. Kelp and beach sands did not contain 
detectable levels of human-specific Bacteroides or 
enteroviruses (Table 2). These materials contain 
unique molecular and trace organic assemblages that 
will be discussed later in this paper. 

Samples collected for this study indicate that the 
mouth of Mission Creek contains high concentrations 
of FIB (Figure 2) and occasionally detections of 
human-specific Bacteroides (Table 2). Mission Creek 
was discharging to the ocean during the ebb tides 
sampled in November 16-17, 2005 and May 31-June 
I, 2006 and was a potential source of FIB at those 
times. Mission Creek was not discharging during the 
Apri I 17-18, 2007 ebb tide. 

Table 3 Fecal indicator bacteria concentrations in water extractions from kelp, and guano contaminated beach 
sands, West Beach, Santa Barbara, California April 17-19,2007 [MPN per 100 ml, Most Probable Number per 
100 milliliters; kg, kilogram; <, less than; >, greater than] 

Sample Date Mass of 
sample, 
in kg 

"Mass of 
extractant, 
in kg 

Fecal indicator 
bacteria (FIB), 
in MPN per 
100 ml 

Phospholipid 
fatty acids 
(PLFA), in 
picomoles per 
liter 

Total 
coliform 

Escherichia 
coli 

Enterococci 

Kelp 4/16/07 12 7.0 12,000 8,660 >24,200 17,600,000 
9,800 7,270 >24,200 -­

bKelp 4/19/07 12 I\.4 15,500 7,270 3,450 14,300,000 
17,300 8,160 2,480 -­

Sand 4/16/07 0.5 7.0 15,500 3,450 9,800 65,000 

Blank 4/16/07 -­ -­ < 10 <10 < 10 < 100 

Trip blank 4/16/07 -­ -­ <10 <10 <10 <100 
'Extractant was organic free water adjusted in the field to a salinity of35 grams per kilogram with reagent-grade 
sodium chloride. The sodium chloride was baked at 200°C for 24 hours to volatilize organic material; "Samp!« 
material was very dry and recovery of extract was poor. 
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Figure 9 Tides, specific conductance, and fecal indicator bacteri a (FIB) concentrations in near-shore ocean 
water, West Beach, Santa Barbara, California, April 16-23,2007 . 

However, Mission Creek discharged rapidly 
beginning about 07:30 on April 20 after runoff from 
the s torm breached the berm at the mouth of the creek. 
After the brea ch , FIB concentrations at West Bea ch 
increased rapidly as water discharged to the ocean 
(Figure 9). Tota l coliform, E. coli, and enterococci 
concentrations at We st Bea ch, 3 hours after the breach 
of the berm, were 120,000 , 6,500, and 4,600 MPN per 
100 mL, respectively, and human-specific Bacteroides 
was present in near-shore ocean water (Table 2). At 
this time, specific conductan ce wa s 27,200 ~S/cm, 

about half that of seawater - co ns istent with a large 
influx of fresh water from Mi ssion Creek. FIB 
concentrations gradually decl ined to more normal 
va lues and specifi c conduc tance increased to near 
seawate r va lues during the 3 days follow ing the 
breach of the berm (Fi gure 9) . 

3.5. Physical and Isotopic Measures of the 
Exchange of Shallow Groundwater and Ocean 
Water 

Water-level data from shall ow well s in the cross­
sec tion perpendicular to We st Beach , direct mea sures 
of gro undwater discharge from seepmeters, and 
ind irec t mea sures of groundwater discharge from 
naturally occ urring radioacti ve iso to pes were used to 
eva luate the exchange of sha llow groundwater and 
near-shore ocean water along We st Beach . These data 
were supplemented with direct- cu rrent resistivity data 
co llected along West Bea ch to extend interpretations 
from data collected at West Beach to other locations 
a long the beachfront. 

3.5.1 Groundwater Levels 

Wate r-level data in well s perpend icular to West Beach 
show an oceanward grad ient from the fa rthest in land 
well 2213 toward well 22 R2, adjacent to the sewer line 
(F igure 10). However, becau se the sha llow deposits 
inland from the sewer line are predominately low 
permeability silt and clay (Fi gure 5), the groundwater 
flux toward the sewer line from inland areas was 
sm all. Water-level data show an inland grad ient from 
well 22R3 near the beachfront tow ard well 22R2 
adjacent to the sewer line (Figure 10). 

Increases in water levels measu red in we lls 22J I 
and 2213 in earl y 200 6 corres ponded to precipitation 
events (Fig ure 10) and the water-l evel rise s were 
cons istent with the prec ipit at ion amo unt and the 
ex pec ted porosity of the depos its. When examined 
close ly, increases in water levels measured in well 
22R2 during the same peri ods were greater than 
expected solely from precipitation , and probably result 
from the discharge of stormflow runoff from adjacent 
streets to the beach . Runoff from str eet s adjacent to 
West Beach may be a potenti al source of FIB to 
shallow g roundw ater underly ing the beach that was 
not co ns idered at the on set of th is s tudy . Despite the 
water-l evel rise measured in well 22R2 in response to 
the precipitation and runoff, water levels in well 22R 2 
did not exceed water levels in well 22R3 at the 
beachfront, and the water-level gradient between wells 
22R2 and 22R3 was inland tow ard the se wer line even 
during the rainy season (Figure 10). 

Long-term net-infiltration of water from the ocean 
into the beach is indicated by the near-seawater 
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specific conductance of water from wells 22R2 and 
22R3 on the ocean side of the sewer, which ranged 
from 29,700 to 50,000 llS/cm (Figure 8). In contrast, 
the specific conductance of water from wells 22] I and 
22J2 on the inland side of the sewer line ranged from 
930 to 3,530 uSzcm, Video logs show groundwater 
seepage into the sewer during dry periods, confirming 
water level and specific conductance data that show 
the sewer is a drain for shallow groundwater in the 
beach sands (City of Santa Barbara, Rebecca Bjork, 
written commun, 2006) . As a consequence of the 
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direction of water movement, FIB bacteria associated 
with the sewer line or infiltrated from stormtlow 
runoff into beach sands could not discharge to the 
ocean. However , exchange of water between the 
ocean and beach sands (Figure 8) could contribute FIB 
to near-shore ocean water during daily and longer tidal 
cycles . This exchange includes both discharge and 
recharge components, and is often referred to as 
submarine groundwater discharge (SOD) [62,68,73­
75]. 
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Figure 10 Water-level data in selected wells along section A-A' perpendicular to West Beach , Santa Barbara , 
California November 2005 to July, 2007 . 
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Figure 11 Groundwater levels at well 4N/27W-22R3 , tides , groundwater discharge, and spec ific conductance of 
groundwater discharge, and radon-222 concent rat ions in near-shore ocean water, West Beach, Santa Barbara, 
California, November 14-18 , 2005 . 
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Figure 12 Groundwater levels at weI14N/27W-22R3, tides, quantity, direction, and specific conductance of 
groundwater discharge, and radon-222 concentrations in near-shore ocean water, West Beach, Santa Barbara, 
Cal ifornia, May 3D-June 4, 2006. 

www .aes.northeastern.edu, ISSN 1939-2621 157 



J.A . fzbicki el 01. , Annals ofEnvironmental Science 1 2009, Vol 3, 139-/ 78 

LU 
E;uj
co>
«LU 
V>~ 
a::«LULU 
t;:jV> 
:::;;20 
2O;::S 0
-::2 
iiI :;:
>0 -IUJ ~ 
~UJ 

a:: co 
UJa:: - 2 
~o 
:;: 
a::­
LU 

20t;:j~ 
:::;;0 
,,-a::
LULU 
LU"­ -

::2ffi 
10V> V> 

~t;:j 
"'-::2 0LU ­
~I-
a:: 20
«LUU 
U z 
I 

- 10 
~-
0 16 Apr 07 17 Apr 07 18 Apr 07 19 Apr 07 20 Apr07 

00:00 00:00 00:00 00:00 00:00 

uj60,000 uZZRJ zV>a::
«2OLU
I-UJI­
U::2LU 
5w~ 
zU>j::'

50,000 0°20ua::UJ 
u~u 
~:Effi 
U2o"­UJ ­
o, 

40.000 V> 

~~ 
~don .zzz ­

15 
1::-z ffi 
-01­
>-::::::i 
t=!::i:a:10 Ua::LU 
«~"-
N LU LU
NI-l­
~:Z=:> 
2UiZ 
g5:E
«20 a::a:: - LU 

c, 
0 

21 Apr 07 22 Apr 07 
0000 00:00 

Figure 13 Groundwater levels at well 4N/27W-22R3, tides, quantity, direction, and specific conductance of 
groundwater discharge , and radon-222 concentrations in near-shore ocean water, West Beach, Santa Barbara, 
California, April 16-22, 2007. 

3.5.2 Seepmeter and Radon-222 Data 

Seepmeter and radon-222 e22Rn) data were collected 
during two spring tides, and during a neap tide to 
assess the magnitude, variability, and timing of the 
exchange of shallow groundwater with near-shore 
ocean water. 222Rn data were used in conjunction with 
seepmeter data to address spatial variability and to 
cover potential data gaps resulting from disturbance of 
the meters during deployment. Specific conductance 
was measured in water from the seepmeter to assess 
changes in salinity as shallow groundwater exchanged 
with ocean water. Although the water-level gradient 
from the ocean to the sewer line was inland, water 
levels measured in well 22R3 during the three 
measurement periods were always higher than the 
high tide, indicating the potential for groundwater 
discharge at the beachfront (Figures 11-13). 
Groundwater discharge and nutrient fluxes to near­
shore ocean water along West Beach estimated from 
seepmeter data and 222Rn data collected as part of this 
study are discussed in detail by Swarzenski and 
Izbicki [76]. 

Discharge from EM seep meter data measured 
during November 14-17, 2005 reflect net infiltration 
of water from the ocean into the beach prior to the 
spring tide followed by net discharge of water to the 
ocean after the spring tide (Figure II). These values 

correspond with increasing and decreasing water 
levels in well 22R3 (Ah, on Figure II). The largest 
magnitude positive values were measured during low 
tide, reflect the largest discharge of water from the 
beach to the ocean (Figure I I). 

During the November, 2005 measurement period, 
discharge data were collected using seepmeters at two 
different depths to determine if there was a difference 
in groundwater flow with depth. The shallowest 
seepmeter (data shown on Figure II) was placed at 
the low tide line and the second meter was placed 
about I m below the low tide line. The deeper meter 
recorded negative values throughout the period, 
indicating movement of water from the ocean into the 
beach (data not shown). This difference in water 
movement with depth is believed to be the result of 
density-driven flow driving circulation between ocean 
and beach deposits, even as groundwater discharges 
from beach sands to the ocean at shallower depths 
[77]. The data suggest that exchange of shallow 
groundwater with near-shore ocean water driven by 
tidal forces extends from the high tide line to a depth 
of less than I meter below the low tide line (Figure 5). 

Discharge data collected during neap tide, May 31 
to June 31, 2006 (Figure 12) show smaller magnitude 
discharges from the beach to the near-shore ocean the 
throughout the daily tidal cycle. These discharges 
cease as the neap tide approached and the monthly 
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tidal cycle changed toward higher amplitude tides. 
During the April 16-22, 2007 period, seepmeter 

data showed water moving from the beach sands into 
the ocean (positive values) throughout almost the 
entire measurement period irrespective of the daily 
tidal cycle (Figure l3).The greatest discharge, 
exceeding 300 crn/d, was measured on April 16,2007 
(not shown on Figure 13). These high values result 
from drainage of water driven into the beach sands by 
waves during a south swell prior to the measurement 
period. 

222Rn activities in near-shore ocean water along 
West Beach ranged from 0.6 to 8 dpmlL (disinter­
grations per minute per liter) (Figure 11-13). In 
contrast, 222Rn activit ies in wells along West Beach 
were as high as 1,300 dpmlL with a median activity of 
6 I0 dpmlL . Low 222Rn activities in near-shore ocean 
water at West Beach are consistent with water-level 
and seepmeter data that show little net groundwater 
discharge to the ocean. 222Rn activities measured in 
near-shore ocean water along West Beach are almost 
an order of magnitude lower than values in areas 
where groundwater is actively discharging to the 
ocean [72], and activities were similar to values 
measured in areas where beach deposits are underlain 
by impermeable crystalline rock that conduct only 
small amounts of groundwater to the ocean [62]. 

Despite the low values , 222RJl activities were 
positively correlated with groundwater discharge data 
from seeprneters, and 222Rn activit ies in the near-shore 
ocean increased during the lowest daily tide (Figures 
1J and 12). However , the maximum 222Rn activity 
lagged the peak discharge measured by the seepmeter 
by several hours, possibly as water having longer 
contact with beach sediments and therefore higher 
222Rn activities discharged to the ocean (Figure I I). 
Similar lags between groundwater discharges and 
peak 222Rn activities are apparent in data from the 
Florida, Mediterranean and Brazilian coasts [62,78]. 
Abrupt decreases in 222Rn activity were measured on 
the turning tide as near-shore ocean water containing a 
high fraction of discharging groundwater was 
displaced by ocean water on the incoming flood tide 
(Figure 12). Over the monthly tidal cycle, 222Rn 
activities in ncar-shore ocean water increased after the 
spring tide as groundwater having longer contact time 
with beach sediments discharged to the ocean (Figure 
I J). 

Low 222Rn activities were associated with the 
high groundwater discharges measured after a south 
swell on April 16-17, 2007 (Figure J0). These low 
222R.1l activities probably result from drainage of ocean 
water only recently infiltrated into beach sands by 

wave action. This water had not been in contact with 
beach sand long enough to equilibrate with 222Rn 
derived from radioactive decay of 226Ra sorbed on the 
sands. Increased specific conductance during low tides 
during this period is consistent with the discharge of 
recently infiltrated ocean-water (Figure 13). Similar 
increases in specific conductance of near-shore ocean 
water, measured during low tide on November 14-18, 
2005 (Figure I I ), suggest that this type of wave­
driven exchange occurs frequently. 

3.5.3 Exchange of Water at the Beachfront and 
Fecal Indicator Bacteria Concentrations 

Measurements of FIB concentrations during the ebb of 
the spring and neap tides, coupled with physical and 
isotopic data collected at the ocean-beach interface, 
were used to understand the variation, timing and 
sources of FIB to near-shore ocean water. If 
groundwater were a source of FIB, on the basis of 
seeprnetcr and 222Rn data the highest FIB 
concentrations would be expected on a daily basis 
shortly after low tide, with monthly maxima at neap 
tide when discharge from the beach sand to the ocean 
is greater. 

FIB concentrations varied by as much as 2-orders 
of magnitude during the sampled ebb tides and the 
timing of the measured increases in FIB 
concentrations were consistent with contributions 
from the beach (Figures 5-7). However, groundwater 
has low FIB concentrations. Another source of FIB, 
capable of delivering high concentrations to near­
shore ocean water during the ebb tide and turning 
tides, must be present along West Beach. 

Kelp, and guano contaminated sands on West 
Beach near the high tide line contain high 
concentrations of FIB (Table 3). Drainage from these 
materials after the high tide may be a potential source 
of FIB. However FIB from these sources cannot 
explain low levels of human-specific Bacteriodes that 
were consistently present in near-shore ocean water at 
West Beach. Because Bacteroides were not detected 
in kelp or guano contaminated beach sand other 
human-der ived sources also contribute to FIB 
concentrations at West Beach. The potential for FIB 
from these sources is discussed in greater detail in the 
following section. 

3.5.4 Direct-current Resistivity Data 

Direct-current resistivity data were collected from 
a boat along West Beach, near the mouth of Mission 
Creek, and along the beach to the east. The data were 
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Figure 14 Shore parallel direct-current resistivity data, offshore from West Beach, Santa Barbara, California, 
November l5, 2005. 

used to assess the variability of subsurface lithology 
and pore fluid resistivity off West Beach, and to 
evaluate the representativeness of data collected at 
Section A-A' to other areas along the beachfront. 

Shore parallel direct-current resistivity data 
collected offshore from West Beach show lower 
resistivity (high conductance) material at shallow 
depths beneath the ocean , and higher resistivity (low 
conductance) material at depths greater than about 10 
m (Figure 14). These data agree with results of test 
drilling, well installation, and sample collection along 
section A-A' (Figure 8) that show sand containing 
saline water overlying clay containing fresh water. 

The direct-current resistivity data show that the 
sands thin toward the harbor, but that subsurface 
conditions are otherwise relatively uniform along 
West Beach. These data are consistent with diffuse 
exchange of groundwater and near-shore ocean water 
and do not show evidence of focused discharge from 
submarine springs. In contrast, shore parallel direct­
current resistivity data collected near the mouth of 
Mission Creek (data not shown) suggest complex, 
highly-focused exchange of saline and fresh water 
through beach sands at the mouth of the stream. 
Focused discharge of fresh water also was observed 
near the mouths of streams to the east of Mission 
Creek. 

3.6. Tracers of Fecal Indicator Bacteria Sources 

Genetic, molecular, and trace organic tracers were 
used to evaluate potential sources of FIB collected 
from different hydrologic settings throughout the 
study area. Thirty-six samples from surface water 
(including Mission Creek and its estuary, urban 

drains, and storrnflow), wells, and near-shore ocean 
water at West Beach were compared and contrasted. 
Six additional samples from special sources including 
the influent to EI Estero WWTP, and from kelp and 
sand collected near the high tide line also were 
included in this analysis . 

Principal Component Analysis (PCA) was used to 
analyze the tracer data. PCA is a multivariate 
statistical technique that transforms a set of 
intercorrelated variables into a new coordinate system. 
The transformed variables, known as principal 
components, are uncorrelated linear combinations of 
the original variables. They have a mean of zero and 
the same variance as the original data set [79,80]. The 
values of the principal components are known as 
scores, and the scores are calculated on the basis of 
the contribution of each variable to the principal 
component [81]. The magnitude and direction (plus or 
minus) of the contribution of each variable to the 
principal-component score is described by an eigen­
vector. PCA presents differences in the tracer 
assemblage that is reflective of differences in the 
microbial community structure, and allows for a 
comparison and contrast of different samples [53]. 

Comparison of results from different tracers is 
intended to confirm, refine, or refute interpretations 
derived from individual tracers - thereby producing a 
more robust interpretation of the sources of FIB in the 
study area. PCA results were compared to and 
contrasted with the physical hydrology in the study 
area to ensure interpretations from tracer data are 
plausible. Detailed analysis of the contributions of 
individual eigenvectors to the principal component 
scores often yields increased understandin g of the 
distribution of these tracers in the environment [II]. 
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However, this level of analysis and subseq uent 
discussion would preclude the comparison s between 
tracers and to the physical hydrology and were beyond 
the scope of this paper. 

3.6.1 Terminal-Restriction Fragment Length 
Polym orphism Data 

Ge netic diversity in microbial popul ation s was 
assessed usin g Terminal-Restriction Fragment Length 
Polymorph ism (T-RF LP) . T-RFLP uses 
enzy mes to break genetic materi al 
hypervar iabl e regio n of mitochondrial 
sma ller fragm ent s know as ampli cons . 
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having different numbers of base pai rs (amplicon 
length ) represent different microorgani sm s. However , 
the sequence of base pairs within amplico ns of the 
sam e length may be greatly different, and more than 
on e type of microorganism may be repr esented. Tw o 
restriction enzymes, H-hal and M-spl, were used in 
th is study . Each breaks the mitochondrial DNA at 
different locations, and produces a different 
asse mblage of amplicons (Figure 15). Qu antitat ive 
Polymerase Chain Reaction (qP CR ) was used to 
amplify the DNA to measurable co nce ntratio ns, and 
the peak area is a mea sure of the abundance of an 
amplico n and the micro organism(s) it origi nated from . 

restri ct ion 
with in the 
DN A into 
Amplicon s 

,-----,--..,-----,- ---,--,------,- - --, 

0
200 600 800 

400 

I 

I 

400 

EI Estero WWTP in f lo w 

1,000 

22R2 

600 800 1,000 
L.LJ 
a... 50 

« 
~ 

= = = =L.LJ = a... 
= = I-
e....:> 0 
L.LJ 
--' 
L.LJ 

50 

I I 
Near-shore ocean water, 

West Beach 

I I I . 

I 
f-

f-

I ­

I ­

I I 

0 200 

-
_ 

-

-

OL...-.........

I

......_~....LL.~_L...-.......L....J...~----.; __ __l.:Ll......:....oI.....J ...J.... .J...__ ___J._____l
 

o 200 400 600 800 1,000 

AMPLICON LENGTH, IN BASE PAIRS 

H-ha1 restriction enzyme M-spl restriction enzyme 

Figure IS Representati ve Te rm inal-Restri ction Fragment Length Polymorphism (T-RFL P) amplico ns prod uced 
using H-h a I and M-s p I restriction enzy mes from se lec ted sa mples, Sa nta Barbara, Ca lifornia, August 2005­
Ap ri l 2007. 

600 800 1,000 

Kelp extract 

www .aes .northeastern.edu, ISSN 1939-2621 161 



J.A. fzbicki el al., Annals 0/ Environmental Science /2009, Vol 3, 139-178 

40 

u; C/) 
oz 30 
0::0UJ ­cot;

UJ 202 
:::>GJ 
Zo 

10 

0 
0 

2C/)
«0 250o::z 
t!J«oC/) 2000:::::>
UJo 
II 1500..1­
~z
1-- 100u·
LJ..J«UJ.....JUJo:: 50 
.....J« 
«::::£ 
1-« 0 
ow 
1-0.. 0 

267 total amplicons 
217 amplicons from wells 

200 400 600 800 1,000
 

High diversity but low abundance 
for mostamp/icons 

200 400 600 800 1,000 

AIVIPLICON LENGTH, IN BASE PAIRS 

Wells All data 

Figure 16 Terminal-Restriction Fragment Length Polymorphism (T-RFLP) H-hal amplicons in samples surface 
water (including storm drains), near-shore ocean water, water from wells and from selected sources, Santa 
Barbara, California, August 2005 to April 2007. 

Amplicons that appear in more than one sample 
are common to those samples. Amplicons that appear 
in only one sample are unique. For example, only H­
ha I arnplicons having 9 I, 94, and 367 base pairs and 
M-spl amplicons having 86 and 490 base pairs, 
respectively, are common to all four samples shown in 
Figure 15. In contrast, for samples shown in Figure 
IS, more than 20 amplicons from H-hal and M-spl 
enzymes were unique to water from the inflow to El 
Estero WWTP - and presumably represent at least 20 
microorganisms not found in the other samples. 
Comparison, either visually or statistically, of the 
occurrence and distribution of amplicons from 
different sources is used to identify similarities and 
differences in microbial populations from those 
sources and to infer relations between those sources. 
As the numbers of samples and the number of 

amplicons increases, the problem becomes increase­
ingly complex and a statistical approach such as PCA 
is needed to analyze the data. 

At least 267 amplicons were isolated using the H­
ha 1 restriction enzyme and 676 amplicons were 
isolated using M-sp I restriction enzyme in samples 
collected as part of this study (Figure 16). More than 
217 H-ha1 and 634 M-sp I amplicons were present in 
water from wells, with 2 I and 230 amplicons, 
respectively, unique to water from wells. Although 
most of these amplicons are present only at low 
abundances, this result is surprising because 
groundwater is not normally corisidered to be rich in 
its diversity of microorganisms. Examination of the 
data shows that most of the amplicons (178 
amplicons) were detected in water from four wells: 
22R2, and 23Ml-3. The shallow groundwater in these 
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areas is recharged by surface runoff (22R2) or 
infiltration from Mission Creek (23Ml-3). These 
wells also are near the main sewer line beneath West 
Beach serving that part of the city and may have a 
small component of sewage. These four wells have 
higher FIB concentrations than other wells sampled as 
part of this study. 

The large numbers of amplicons detected in water 
from wells exert a high influence on the PCA results. 
This is especially true given the large number of 
unique amplicons in the four wells discussed above. 
These amplicons caused large magnitude differences 
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similarity between the data from the four weJJs and 
sources of FIB such as stormflow, inflow to the EI 
Estero WWTP, or from kelp and beach sands may 
result from changes in the microbial community 
through death and regrowth of different organisms as 
the microbial community adapts to the groundwater 
environment. 
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Figure 18 Results of Principal Component Analysis (PCA) for phospholipid fatty acid (PLFA) structural groups 
in surface water, water from wells, near-shore ocean water, influent to EI Estero WWTP, and from selected 
sources, Santa Barbara, California, August 2005 to April , 2007. 

If water from wells is excluded , the first and 
second principal components for the remaining 23 
samples explain 32 percent of the variability in H-ha I 
digested T-RFLP data (Figure 17). The first and 
second principal components in this smaller data set 
are dominated by large magnitude SCOres for samples 
collected from the Haley Drain and from near-shore 
ocean water at West Beach. These samples have the 
highest human-specific Bacteroides values sampled as 
part of this study (Table 2). Although these samples 

do not closely resemble sewage influent to the El 
Estero WWTP, these samples appear to have been 
impacted by human fecal material. 

The remaining samples plot within a compare­
atively small range on Figure 17. However, PCA 
preserves the variable of the original data set and 
differences in principal component scores with in this 
range reflect real differences within the data. Within 
this sm all range there was considerable variability 
PCA scores for samples from influent to the El Estero 
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WWTP, and those samples span the range in scores 
for samples from stormdrains and surface water, 
including stonnflow. 

The PCA scores for near-shore ocean water at 
West Beach in April 2007 and from kelp and sand and 
water from Mission Creek lagoon are similar (Figure 
17). Compared to influent to the El Estero WWTP, 
these samples fall within a small range and are similar 
to samples collected from the near-shore ocean water 
at West Beach during the ebb tide and after the breach 
of the lagoon. 

Although not discussed specifically in this paper, 
results of PCA analysis of M-sp I enzyme-digested T­
RFLP data were similar to results of the H-hal 
digested data. 

3.6.2 Phospholipid Fatty Acid Data 

Fatty acids are components of all living cells. At the 
cellular level, they may be used for energy storage or 
they may be part of cellular organelles and structures 
where they participate in metabolic activity [82]. 
Individual phospholipid fatty acids (PLFA's) are 
associated with metabolic activities by a wide-rage of 
microorganisms rather than indicators of specific 
organisms [83-87]. Because PLFA's contain phosph­
orus, they are rapid ly degraded in the environment and 
are typically associated with living (or recently living) 
organisms [56,88]. 

PLFA concentrations and composition were 
analyzed on the same samples as T-RFLP data. Total 
PLF A concentrations ranged from 3 14 to 17.6 x 106 

picomoles per liter (pmole/L) (Figure 18) and 38 
individual fatty acids were identified. Higher 
concentrations reflect higher microbiological biomass. 
Concentrations were highest in kelp and lowest in 
water from wells. Total PLFA concentrations in 
samples from the El Estero WWTP ranged from 2.6 x 
106 to 3.2 X 106 pmolelL. Concentrations in surface­
water samples from Mission Creek and its tributaries 
ranged from 8,200 to 320,000 pmoles/L, with the 
highest concentrations measured during stormflow. 
Concentrations in excess of 100,000 pmole/L also 
were measured in the lagoon near the mouth of 
Mission Creek. Concentrations in near-shore ocean 
water at West Beach ranged from 22,700 to 226,000 
pmoles/L, with the highest concentrations measured 
April 20, 2007 after the lagoon at the mouth of 
Mission Creek breached and discharged to the ocean. 

Total PLF A concentrations in water from wells 
ranged from 314 to 28,000 pmoles/L, although 
concentrations in water from most wells were less 
than 880 pmoles/L. This is consistent with the low T­

RFLP abundance in water from wells. Over the very 
broad range of concentrations sampled, PLF A 
concentrations were positively correlated with FIB 
concentrations (r = 0.43). PCA analysis of the PLFA 
concentrations was simplified by grouping the fatty 
acids according to their structure into saturated, 
monounsaturated, branched saturated fatty acids, 
terminally branched saturated fatty acids, mid-chain 
branched fatty acids, and polyunsaturated fatty acids 
[86]. The concentration of each structural group was 
used to calculate the principal component scores and 
eigenvectors to provide a simpl ified analysis of the 
changes in PLFA concentration and composition of 
microbial communities from different sources. These 
structural groups, and the fatty acids within those 
groups, are commonly associated with metabolic 
functions common to a wide range of organisms 
sharing similar environments (for example anaerobic 
versus aerobic) or metabolizing similar substrates 
rather than specific species. Use of structural groups 
for PCA analysis was very robust and the first and 
second principal components explained 97 percent of 
the total variance within the data set (Figure 18). 
Unlike the PCA analysis of T-RFLP data, it was not 
necessary to exclude water from wells to obtain 
interpretable results. 

Kelp and samples of influent to the El Estero 
WWTP had highly positive first principal component 
scores but differed in magnitude in their second 
principal component scores - reflecting the different 
microbial communities residing in the two sources 
(Figure 19). Unlike T-RFLP data, principle 
component scores show little variability in samples 
from influent to the El Estero WWTP (Figures 17-18) 
suggesting that although the specific microorganisms 
within sewage may vary greatly, the metabolic 
processes they carry out in this environment are 
relatively constant and therefore sewage contamin­
ation would be traceable on the basis of PLF A 
compositions. Also unlike T-RFLP data, principle 
component scores show little similarity between kelp 
and near-shore ocean water at West Beach (Figures 17 
and 18). This result suggests that although kelp on 
West Beach contains high concentrations of FIB, it is 
not the primary source of FIB to near-shore ocean 
water. In contrast, the composition of PLFAs in sand 
was very similar to PLFAs in near-shore ocean water, 
suggesting FIB in sand is a likely source of fecal 
bacteria to near-shore ocean water. 

Principal component scores of stormflow samples 
tend toward the PLFA composition in samples from 
influent to the El Estero WWTP. This similarity 
decreased later in the stormflow, suggesting the 
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possible presen ce of wastewater in initial stormflow 
runoff. How ever , wastewater indicator data, discussed 
later in thi s paper , show that EI Estero WWTP influent 
was not present in the stormflow samples. Animal or 
hum an wast es (from leakin g laterals or the homeless 
populat ion s) released dir ectly to the environment and 
washed into the strea m du ring stormflow may be the 
cause of PLFA compos ition in stormwater samp les 
co llecte d earl y in the stor m. 

The PLFA co m posi tio n of sa mples of near-sh ore 
ocean water co llected fro m West Beach varied wi th 
d ischarge from M iss ion Cree k. PL FA sco res from 
West Beach samples co llec ted when M iss ion Cree k 
was disc hargi ng to the ocea n (June 1, 200 6 and Apri l 
20 , 2007) were mor e sim ilar to water sampled fro m 
the estuary at the mouth of the creek (M ission Cree k 
lagoon ). In co ntras t, the PLFA composition of 
samples from West Beach collected when Mi ssion 
Cree k lagoon was not discharging to the ocean were 
more simi lar to the PLFA composition of gu ano 

cont ami nated beach sand and less similar to water 
from the creek. As previously discussed, the PLF A 
com position of near-shore ocean water showed little 
sim ilarity to the PLFA composition of kelp (Figure 
18). How ever , it is important to remember that the 
kelp is not the source of FIB, but rather fecal material 
deposited on the kelp by birds feeding along the 
sho re line or other so urces are the source of FIB . The 
PLFA signature of the bird droppings may be 
overwhe lmed by the large microbial populations 
residing on the kelp . 

PC A also was co nducted usin g the co ncentrations 
of the 38 indi vidu al fatty acid s ident ified in samples 
from th is study (res ults not shown). This ana lys is also 
was very rob ust and the first , second , and third 
prin c ipal co mponents expl ained 91 percent of the 
variabi lity within the data set. Interpretations deri ved 
fro m PCA of the individua l fatty acids were simil ar to 
interpretation s deri ved from analysis of the structural 
gro ups. 
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3.6.3 Trace Organic Compounds 

A suite of 69 organic compounds was measured as 
part of this study to help identify the source or sources 
of FIB in the near-shore ocean water. The compounds 
can be divided into a number of categories on the 
basis of their use and origin (Table 4). Reporting 
limits for most analyzed compounds were within the 
part per trillion range, and concentrations were below 
thresholds for public health or environmental 
concerns . Compounds analyzed as part of this study 
are anthropogenic and do not occur naturally. Data are 
available on the U.S. Geological Survey on-line data 
base NWIS-Web . 

At least one trace organic compound was detected 
in 88 percent of all samples. Not surprisingly, 
compounds were detected more frequently and at the 
higher concentrations in samples of wastewater 
influent to the EI Estero WWTP (Figure 19). Large 
numbers of compounds also were detected in urban 
stormdrains and storm flow samples, and in near-shore 
ocean water at West Beach following the April 20, 
2007 stormflow and subsequent discharge from the 
lagoon at the mouth of Mission Creek. Smaller 
numbers of compounds were detected in kelp and 
guano contaminated sands. Almost two-thirds of 
samples from wells had two or fewer compounds 
detected, and no compounds were detected in almost 
25 percent of sampled wells . However, more than ten 
compounds were present in water from wells 22R2 
and 23M2. These wells were discussed previously 
because of their high FIB concentrations, high 
diversity of microorganisms , and connection with 
surface sources of contamination. 

Caffeine and cholesterol were the most 
commonly detected compounds and were present in 
almost 60 percent of the environmental samples 
(Figure 19). Caffeine and the various sterols were 
positively correlated , and these compounds were 
positively correlated with many personal-care 
products, flame retardants, flavors/fragrances, and d­
limonene. In contrast , caffeine and sterols were poorly 
correlated with most industrial, and asphalt-derived 
compounds. Caffeine is associated with human use 
and consumption . Caffeine concentrations in samples 
from the EI Estero WWTP influent ranged from 18 to 
84 ug/L, High concentrations, 8 and 4 ug/L, also were 
measured in the Cabrillo and Haley Street storm 
drains tributary to Mission Creek, respectively. As 
previously discussed, both sites had measurable 
human-specific Bacteroides. Caffeine concentrations 
in samples from kelp were as high as 67 11 gIL. This 
caffeine concentration was surprisingly high, although 
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these samples contained high concentrations of FIB, 
neither sample contained human-specific Bacteroides. 

Sterols tend to degrade under aerobic conditions 
and have been interpreted as evidence of recent fecal 
contamination [89]. Four sterols (listed in order of 
abundance) were measured as part of this study, 
cholesterol, beta-sitosterol, 3-beta-coprostanol , and 
stigmastanol. Cholesterol is associated with wide 
range of sources, including human dietary cholesterol, 
but is not necessarily fecal in origin . 3-beta-coprost­
anol is a fecal sterol produced in the gut of some 
mammals (including humans, pigs, and cats) by the 
microbially mediated reduction of cholesterol under 
anaerobic conditions . Although the sterol content of 
bird feces can be highly variable , they do not 
generally conta in the proper bacteria to reduce 
cholesterol to 3-beta-coprostanol [90]. The absence of 
3-beta-coprostanol in kelp and guano contaminated 
sand from West Beach is consistent with fecal 
contamination from birds rather than human or other 
mammalian fecal material (Table 5). Although 3-beta­
coprostanol was absent , cholesterol and beta-sitosterol 
were present in samples of kelp- and guano­
contaminated beach sands . Beta-sitosterol occurs in 
some plants and, as a consequence, in human dietary 
cholesterol and in the gut of birds. 

At least one personal health-care product, 
detergent metabolite , flame-retardant, or asphalt­
derived compound was present in 75 percent of 
environmental samples , although many compounds 
within these groups were detected only infrequently or 
not at all. 

Most pesticides were notably absent compared to 
their abundance in urban surface water and stormflow 
in other parts of California [91]. However, d-limo­
nene, an "environmentally-friendly" substitute for 
traditional pesticides used for termite control , was 
detected in 20 percent of environmental samples . Low 
pesticide detections may reflect local restrictions on 
pesticide use and sales. 

There was concern that high concentrations of 
FIB present during stormflow in Mission Creek could 
result from discharge of wastewater from sewer lines 
near the stream if those lines flow under pressure 
during stormflow . This discharge might not occur 
during low-flow conditions . PCA analysis of PLFA 
data suggest there may be such a connection. 
However, stormflow samples collected from Mission 
Creek at Gutierrez Street did not contain detectable 
levels of the sterols 3-beta-coprostanol, beta-sitosterol, 
and beta-stigmastanol , but all of these sterols are 
present at high concentrations in wastewater. In 
contrast, stormflow samples contained high concentra­
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tions of the detergent metabolites NPEO-I and NPEO­
2. These compounds were not present in wastewater 
influent to the EI Estero WWTP. Furthermore, the 
detergent metabolite 4-nonylphenol, which is present 

at high concentrations in wastewater, was absent in 
stormflow from Mission Creek. These data are not 
consistent with direct discharge of sewage to Mission 
Creek from leaking sewer pipes during stormflow. 

Table 4 Detections of trace organic compounds in surface water (including storm drains), water from wells, 
near-shore ocean water, wastewater treatment plant influent, and other sources, Santa Barbara, California August 
2005-April 2007. [Concentrations are in micrograms per liter. WWTP, wastewater treatment plant; MC, Mission 
Creek; (sf), stormflow sample. Environmental samples are the sum of surface water, wells and West Beach 
samples.] 

Compound Report Water- EnvironSurface West EI Estero Extract Maximum Source 
ing water WWTP concentrattable Beach mental samples 
level (I I) wells (7) samples influent ion(3 ) 

( 17) (35) (3) 

4Caffeine I 18 83.3 EI Estero WWTP8 6 3 3 
Sterols 

EI Estero WWTP3-beta-CoprostanoI 2 3 3 I 7 3 0 308 
EI Estero WWTPBeta-S itostero I 2 3 1 1 5 3 3 42.8 

Beta-Stigmastanol 2 I 0 7 3 3 6.0 EI Estero WWTP6 
244 EI Estero WWTPCholesterol 2 7 6 5 18 3 3 

Flavors and fragrances 
Acetophenone 0.5 2 2 0 4 0 0 1.46 Cabrillo drain 

inflow 
Benzophenone 0.5 0 I I 2 3 0 0.793 EI Estero WWTP 
Galaxoide (HHCB) 0.5 0 0 0 0 2 0 3.6 EI Estero WWTP 
Indole 0.5 I 0 0 I I 3 10.6 EI Estero WWTP 

Isoborneol 0.5 0 0 0 0 I 0 2.4 EI Estero WWTP 

Menthol 0.5 2 I 0 3 2 0 22.5 EI Estero WWTP 
Menthyl- I H-indol I 0 I 0 I 2 0 4 EI Estero WWTP 
Triethyl citrate 0.5 0 0 0 0 I 0 0.9 EI Estero WWTP 

Tonatide I 0 0 I I 0 0.9 EI Estero WWTP 
Personal health-care products 

Camphor 0.5 6 0 3 9 I 0 1.7 EI Estero WWTP 
3,4-Dich lorophenyI 0.5 2 I I 4 0 0 10.5 4N/27W-22R2 
isocyanate 
1,4-Dich lorobenzene 0.5 0 0 I I I 0 0.7 EI Estero WWTP 
Carbazole 0.5 I 0 0 I 0 0 0.074 MC at Gutierrez 

(sf) 

DEET 0.5 3 5 0 8 2 0 1.0 I EJ Estero WWTP 

Naphthalene 0.5 2 4 0 6 2 0 1.29 4N/27W-2IG4 

Pentachlorophenol 2 2 0 2 4 0 0 0.62 West Beach 

Tricolsan 1 I 0 0 I 2 0 4 EI Estero WWTP 

p-Cresol I 5 I I 4 3 I 70.6 EI Estero WWTP 

Deter ent metabolites 

-l-n-Ocrvlohenol I I 0 0 I I 0 0.75 EI Estero WWTP 

4-tert-Octvlpheno I I 0 0 0 0 I I 0.75 EI Estero WWTP 

Diethoxynonyl­ 5 9 I 0 10 I 0 77.5 Victoria drain 
phenol NPEO-2 
Diethoxynonyl- I 3 0 I 4 0 0 0.8 MC at Gutierrez 
phenol OPEO-2 (sf) 
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Table 4 (continu ed) Detection s of trace organic compounds in surface water (including storm drains ), water 
from wells, near-shore ocea n water, wastewater treatment plant influent, and other sources, Santa Barbara, 
California, August 2005-April 2007. [Concentrations are in micrograms per liter. WWTP, wastewater treatment 
plant; MC, Mission Cree k; (sf), stonnflow sample. Environmental samples are the sum of surface water, wells 
and West Beach samples.] 

Extract Maximum Source 
rting 

Water- West Environ EI Estero Compound Repo Surface 
WWTP samples concentrat 

level 
table Beach mental water 

influent ion 
(1\ ) 

we lls samples 
(3)( 17) (7) (35) (3) 

17.6 EthoxynonyIph­ 2 I 0 Victoria drain
 
enol NPOE- I
 
Ethoxyocty I­

6 0 0 6 

I EI Estero WWTP 
phenol OPEO-I 
-l-Nonvlphenol 

I 2 0 32 0 0 

7 EI Estero WWTP 
Flame retardants 

Tris-2-butoxy­

4 3 I 24.8 5 3 0 

II 2 6.38 EI Estero WWTP 
ethylphosphate 
Tris-2-chloroethy1­

0.5 3 3 05 

7 EI Estero WWTP 
phosphate 
Tris-dichloroiso­

0.5 1 1 2 0 0.2015 

4 2 0.49 Victoria drain
 
propvlphosphate
 

Asphalt derived compounds
 
Methvlnapthalene
 

0.5 2 2 0 0 

1 1 0.186 4N/27W-2I G4 
2,6-Dim ethylnaph­

0.5 2 0 3 0 
0.115 4N/27W-2I G4 

thalene 
2-Methylnaph­

0.5 I 0 1 0 00 

4N/27W-21 G4 
thalene 
Benzo(a)pyrene 

I 4 1 0 0.310.5 3 0 

0.17 Haley drain
 
Fluoranthene
 

0.5 1 1 2 01 3 
2 12 2 0.9 Haley drain
 

Phenanthrene
 
0.5 1 09 

7 2 EI Estero WWT P 
Pvr en 

0.5 1 0 0 0.31 6 
2 12 1 EI Estero WWTP 

Pesticides, insecticides, and herbicides 
Carbaryl 

0.5 9 I 0 0.5 

1 1 0.32 Victor ia drain
 
d-Lirnonene
 

1 0 0 0 0 
4 I 2 18 EI Estero WWTP 

Industr ial compounds 
Anthraquinone 

0.5 0 5 0 

0.5 0 3 0 0.37 MC at Gutierrez 
Bisphenol-A 

3 0 0 
10. 1 3 5 2 10 69.3 MC at mouth
 

Bis-2-ethylhexyl­
0 

2 2 3 8 1 49.9 Victoria drain 3 0 
phthalate
 
Diethylphthalate
 40.5 I 3 3 15 0 0 EI Estero WWTP 
Isophorone I I 2 0 0. 140.5 0 0 Cabrillo drain
 

inflow
 
Methyl salicylate
 0.5 2 12 0 0 0 1.6 EI Estero WWTP 
Phenol 0.5 I I 0 2 2 2 38 EI Estero WWTP 

Triphenyl phosphate 0.5 2 2 I 0.14 0 0 0 EI Estero WWTP 
5-Methyl- l H­ 2 I I I0 0 0 30 West Beach
 
benzotriazole
 
Tetrachlorcethene
 I 2 20.5 3 6 0 0.48 MC at mouth
 
Tribromornethane
 10.5 0 5 6 0 2 Kelp extract 0.588 
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Table 5 Summary of caffeine and fecal sterol data for surface water, wells, near-shore ocean water, EI Estero 
wastewater treatment plant, and extracts from kelp and sand, Santa Barbara, Calif. August 2005 to April 2007. 
[All concentrations in micrograms per liter. Number is maximum concentration , number in parenthesis is 
number of detections . If constituent detected in all samples minumun and maximum values are given. --, not 
detected.] 

Number of 
samples 

Caffeine Cholesterol 
3-beta-
Coprostanol 

beta-
Sitosterol 

beta-
Stigmastanol 

Environmental samples 

Wells 17 0.93 (6) 1.6 (6) 0.95 (3) 0.82(1) 
Near-shore ocean water, 
West Beach 

7 0.48(4) 2.0 (5) 1.0 (I) 

Surface water, includes 
stormflow and urban drains 

II 8.0 (8) 4.3 (6) 4.1 (3) 2.9 (3) 1.2 ( I) 

Other samples 

EI Estero WWTP 3 18-84 43-244 20-309 2.9-43 1.2 (I) 

Kelp extracts 2 67-68 3.6-7.2 1.8-2.0 0.86(1) 

Sand extracts I 0.28 28 5.2 0.81 

"Reporting limit 41 0.2 0.8 0.8 0.8 0.8 

' Lowest detection 41 0.03 0.2 0.62 0.82 0.81 

"Reporting limit is the lowest defensible, quantification of an analyte concentration . The value is usually set near 
the lowest calibration standard during method development for Environmental Laboratory Approval Program 
(ELAP) certification . The detection limit is the lowest reasonable estimate of the presence of an analyte. The 
detection limit is variable depending on instrument setting and sample matrix effects and is greater than 10 
percent of the spiked concentration in a sample run. (California Department of Health Services, 
http://www.dhs.ca.gov/ps/ls/elap/pdffMethodDetectionLimits.pdf, accessed December 4, 2007) 

However, the results are consistent with FIB 
contributions from non-point sources indicated by 
changing FIB concentrations during successive 
stormflows (Figure 4). 

The distribution of trace organic compounds was 
analyzed using PCA in the same manner as T-RFLP 
and PLFA. The first principal component explained 20 
percent of the variability in the data, while the second 
principal component explained 14 percent. Unsurpris­
ingly, influent to the EI Estero WWTP had highly 
positive first principal component scores and large 
magnitude (positive and negative) second principal 
component scores (Figure 20). The range in second 
principal component scores suggests that concen­
trations of some trace organic compounds varied 
widely in influent to the WWTP. As a group, the 
personal health care products and industrial 
compounds (Table 4) had the largest magnitude 
second principal component eigenvectors, suggesting 
that their use and discharge to the sewers may be 
highly variable. 

Examination of the distribution of the first and 

second PCA scores (Figure 20) shows that stormflow 
samples plot on a mixing line with water from the 
Haley Street drain just upstream from the Gutierrez 
Street collection site. In contrast , runoff along Cabrillo 
Street exerts a strong influence on the trace organic 
composition of water from shallow water-table wells 
along Cabrillo Street (22J I) in the beach where this 
water is discharged (22R2). With the exception of 
samples collected after the breach of Mission Creek, 
the trace organic compounds in shallow groundwater 
from well 22R3 were nearly indistinguishable from 
near-shore ocean water along West Beach. 

4. DISCUSSION 

This study addressed fecal contamination from a 
variety of different sources to urban streams and near­
shore ocean water near Santa Barbara, California 
Streamflow measurements, water-level data, samples 
from wells, seepmeter and radon-22 measurements of 
groundwater discharge were effective at evaluating the 
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movement of water and consequently important for 
determining the sources of fecal contamination. These 
data were supplemented with genetic (T-RFLP), 
molecular (PLFA), and chemical tracers (including 
caffeine, fecal sterols, and detergent metabolites) to 
indentify similarities and differences between samples 
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Figure 20 Results of Principal Component Analysis (PCA) for selected trace organic compounds in surface 
water (including urban stormdrains), water from wells, near-shore ocean water, influent to El Estero WWTP, and 
from selected sources, Santa Barbara, California, August 2005 to April 2007. 
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The absence of FIB in water-table wells installed 
in the urban area suggests that while leaking laterals 
may be locally important, they have not resulted in 
areally extensive FIB contamination of groundwater. 
Consistent with this result, synoptic measurements of 
streamflow and FIB concentrations along Mission 
Creek showed urban drains tributary to Mission Creek 
contributed more to the FIB concentrations than 
groundwater discharge during dry periods. The 
presence of human-specific Bacteroides in some urban 
drains, especially the Haley Street drain, is indicative 
of human fecal contamination. This is consistent with 
recent results showing dry weather flows can 
contribute fecal contamination in urban areas [92]. 

Comparison of FIB concentrations in streamflow 
over a diurnal cycle indicated that FIB concentrations 
varied in a manner consistent with runoff from lawn 
watering and other urban flows. The lack of 
correlation in streamflow and FIB concentrations with 
WWTP inflows suggests that direct leakage from 
sewer lines into the stream is not the source of FIB 
concentrations during baseflow. FIB concentrations 
collected during successive stormflows decreased with 
runoff, consistent with contributions from non-point 
sources within the urban watershed. 

The highest FIB concentrations in near-shore 
ocean water at West Beach were associated with 
storm flow discharges from nearby Mission Creek. 
High FIB concentrations persisted in near-shore ocean 
water for several days after the stormflow discharges 
to the ocean. This is consistent with a wide range of 
studies that show stream discharges can contaminate 
near-shore ocean water for considerable distances 
from the discharge point [11, 18-22]. However, during 
dry periods FIB concentrations in near-shore ocean 
water increased consistently during the ebb of 
sampled spring and neap tides. Groundwater discharge 
measured by seepmeters and 222 Rn data was small [76] 
and because groundwater in wells on the beach did not 
contain high concentrations of FIB, discharging 
groundwater cannot explain near-shore ocean beach 
FIB concentrations. This is different from a number of 
recent studies that suggest groundwater is a possible 
source of fecal contamination to near-shore ocean 
water [23-25]. The timing of high FIB concentrations 
in the near-shore ocean water can be explained, in 
part, as drainage from kelp and guano-contaminated 
sand having high FIB concentrations at the high-tide 
line, consistent with work showing kelp and sand 
along protected beach areas may harbor FIB [14,48]. 
However, high FIB concentrations in kelp and sand 
cannot explain the consistent low-levels of human­
specific Bacteroides detected in near-shore ocean 

water at West Beach and additional sources of FIB 
contamination also must be present. Human-specific 
Bacteriodes in near-shore ocean water at West Beach 
may be associated with discharges from urban streams 
[92]. 

Genetic, molecular, and chemical data provided 
additional information on the sources of FIB and 
support interpretations derived from traditional 
hydrologic data. Principal Component Analysis (PCA) 
was used to interpret these data and identify 
similarities and differences between samples from 
different sources. All three types of data showed a 
high degree of similarity between samples from 
Mission Creek and samples collected in near-shore 
ocean water at West Beach, and suggest a common a 
common source of FIB at West Beach when Mission 
Creek is discharging to the ocean. The most robust 
PCA results were from molecular (PLFA) data, which 
captured 97 percent of the total variance in the data set 
within the first and second principal components. In 
contrast, the PCA analysis for T-RLFP data explained 
only 32 percent of the total variance within the first 
and second principal components. Neither genetic, 
molecular, nor chemical tracers show a strong 
similarity between samples from influent to the EI 
Estero WWTP and samples collected in near-shore 
ocean water along West Beach. This is consistent with 
water-level data and specific conductance data from 
wells along the beachfront that show that the 
predominant direction of groundwater movement in 
the beach sands is from the beach towards the sewer 
line and that sewage contaminated groundwater does 
not discharge at the beachfront. 

PCA analysis of the three types of tracer data did 
not always produce the same interpretation of the FIB 
sources in the near-shore ocean water. For example, 
PCA analysis of genetic and chemical data showed a 
similarity between samples collected from near-shore 
ocean water and kelp and guano-contaminated sand. 
PCA analysis of PLF A data suggest only a similarity 
between near-shore ocean water and sand and that 
PLFA contributions from kelp were greatly different. 
These data suggest that guano-contaminated sand is a 
more important source of FIB to near shore ocean 
water than FIB in kelp - despite the very high FIB 
concentrations in kelp. Differing interpretations of 
FIB sources from tracer data illustrate the need to use 
multiple tracers in conjunction with hydrologic data 
collected at appropriate spatial and temporal scales to 
identify sources of FIB. 

In addition to the results from PCA analysis, a 
wide range of other information can be extracted from 
the tracer data collected as part of this study. For 
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example , although FIB were not present in water from 
wells, genetic and molecular data indicate a 
unexpectedly large diversity of organisms present at 
low concentrat ions in groundw ater where surface 
runoff was discharged to beach sands. Chemical tracer 
data also are consistent with street runoff in water 
from some wells . Similarly, assemblages of waste 
water indicator compounds in stonn flow, especially 
the presence of certain detergent metabolites and the 
absence of personal-health-care products (PHCP), 
flame retardants, and other compounds commonly 
present in waste water influent to the EI Estero 
WWTP suggest that leakage of sewer lines is not an 
important source of FIB to Mission Creek during 
stormflow. 

5. CONCLUSIONS 

Point sources dominated FIB contamination to streams 
during baseflow and non-point sources dominated FIB 
contamination to stream during stormflow. In most 
areas FIB concentrations in shallow groundwater were 
low, suggesting that leakage from sewer lines and 
laterals connecting sewer lines to residences, although 
locally important, were not a regional source of FIB 
contamination . Groundwater flow at West Beach was 
toward a regional sewer Iine, which acted as a drain. 
Sewage from the sewer could not move toward the 
beachfront and groundwater discharge at the beach­
front was small. The timing of FIB concentrations 
during the ebb of the spring and neap times is 
consistent with FIB from guano contaminated kelp 
and beach sand. Discharge from nearby streams also 
contributed FIB to West Beach, especially after 
stormflow. Results of this study show the combined 
use of FIB and multiple tracers of fecal contaminati on, 
constrained by an understanding of the movement of 
water, is a powerful approach for identifying FIB 
sources to streams and near-shore ocean water. 
I .	 FIB concentrations in the environment are highly 

variable and range over three-fold in streams 
during baseflow, over three-orders of magnitude 
during stormflow, and over 2-orders of magnitude 
in near-shore ocean water over tidal cycles. 

2.	 Increases in FIB concentrations in near-shore 
ocean water after stormtl ow were large and 
concentrations remained high for at least three 
days after the cessation of stormflow. 

3.	 Traditional hydrologic data, collected at 
appropriate timescales , were the most valuable 
information for guiding interpretations on the 
sources of FIB to streams,'shallow groundwater, 

and near-shore ocean-water. 
4.	 Water-level, seepmeter and isotopic data captured 

the magnitude and direction of groundwater 
exchange with near-shore ocean water and were 
valuable in explaining FIB variations at the 
beachfront. 

5.	 Tracer data captured aspects of FIB 
contamination sources that could not be obtained 
from hydrologic data alone. 

6.	 The most robust PCA results were from PLFA 
data which explained 97 percent of the total 
variance within the first and second principal 
components. Smaller fractions of the total 
variance were explained by genetic (T-RFLP) and 
chemical data, with 32 and 34 percent of the total 
variance, respectivel y, explained in the first and 
second principal components . 

7.	 Certain compounds used in this study as tracers of 
FIB sources, especially the fecal sterols. lent 
themselves to specific interpretations of the 
origins of FIB. The presence or absence of 
individual compounds were more easily 
interpreted than the presence of absence of 
amplicons and fatty acids also used as tracers. 
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