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Abstract

Fecal pollution of surface waters presents a global human health threat. New molecular indicators
of fecal pollution have been developed to address shortcomings of traditional culturable fecal
indicators. However, there is still little information on their fate and transport in the environment.
The present study uses spatially and temporally extensive data on traditional (culturable
enterococci, CENT) and molecular (qPCR-enterococci, gENT and human-associated marker,
HF183/BacR287) indicator concentrations in marine water surrounding highly-urbanized San
Francisco, California, USA to investigate environmental and anthropogenic processes that impact
fecal pollution. We constructed multivariable regression models for fecal indicator bacteria at 14
sampling stations. The human marker was detected more frequently in our study than in many
other published studies, with detection frequency at some stations as high as 97%. The odds of
cENT, gENT, and HF183/BacR287 exceeding health-relevant thresholds were statistically elevated
immediately following discharges of partially treated combined sewage, and CENT levels
dissipated after approximately 1 day. However, combined sewer discharges were not important
predictors of indicator levels typically measured in weekly monitoring samples. Instead,
precipitation and solar insolation were important predictors of cENT in weekly samples, while
precipitation and water temperature were important predictors of HF183/BacR287 and gENT. The
importance of precipitation highlights the significance of untreated storm water as a source of
fecal pollution to the urban ocean, even for a city served by a combined sewage system. Sunlight
and water temperature likely control persistence of the indicators via photoinactivation and dark
decay processes, respectively.
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Introduction

Globally, it is estimated that each year exposure to coastal waters polluted with human waste
causes more than 120 million gastrointestinal and 50 million severe respiratory illnesses.!
Collectively, illness caused by exposure to recreational waters is referred to as recreational
waterborne illness (RWI). In an effort to reduce RWI, the US uses densities of fecal
indicator bacteria (FIB) Escherichia coli and enterococci to assess risk. Similar monitoring
programs are in place around the globe, guided by recommendations from the World Health
Organization.23 Although FIB are not usually etiologic agents of RWI, they are used to
evaluate coastal water quality, as FIB densities in coastal waters have been linked
quantitatively to swimmer illness in epidemiology studies.* When FIB densities exceed
threshold values, beach advisories or closures are issued warning swimmers that exposure
could lead to illness.

There are a number of shortcomings associated with using FIB to assess risk.” In the USA,
enterococci alone are recommended by the United States Environmental Protection Agency
(USEPA) to assess RWI risk in marine waters owing to their good correlation with adverse
health outcomes in epidemiology studies conducted in salt water.® Enterococci enumeration
methods require incubation of bacteria for 24 hours.”~® This means that beach advisories and
closures that warn the public of poor water quality conditions can be issued no sooner than
one day after sampling. This is problematic because enterococci concentrations in beach
waters are known to vary over time scales shorter than 24 hours, and therefore next-day
beach natifications may not accurately reflect the water quality conditions to which bathers
are exposed.®

An additional shortcoming concerns the source of FIB. Enterococci occur not only in
wastewater and human feces, but also in the feces of other mammals and birds'911 and
naturally in the environment.2 Epidemiology studies that tie enterococci to adverse health
outcomes in swimmers, which represent the cornerstone of beach water quality criteria, were
conducted at beaches where FIB were believed to come from treated human wastewater.
Since exposure to water containing a given concentration of enterococci generally presents a
greater threat to human health if the enterococci are derived from human rather than animal
sources, 13 the risk presented by enterococci of unknown origin is uncertain. Therefore
methods that can identify the source of fecal pollution in recreational waters would be
expected to improve protection of human health.?

Recent methodological advances have sought to address these shortcomings. To shorten the
time required to assess microbiological water quality, rapid molecular assays based on
quantitative polymerase chain reaction (QPCR) for enterococci (QENT) have been developed.
A drawback of gPCR, however, is that it may perform poorly if sample matrix constituents
interfere with the polymerase chain reaction.® Because of this, it is encouraged to conduct
site-specific evaluations of gENT assays over a range of environmental conditions prior to
adopting qENT-based recreational water criteria.% Furthermore, the source concentrations
and environmental fate of gENT and culturable enterococci (CENT) may be distinct. For
example, mesocosm experiments suggest that the persistence of culturable and molecular
fecal indicators may be differentially impacted by sunlight, 1415 and other research suggests
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that cENT : gENT ratios may vary by source.16:17 To date, there is limited work comparing
the spatio-temporal variation of gENT and cENT in the field over large spatial and temporal
scales to elucidate factors that differentially affect their concentrations.

At the same time, new microbial source tracking assays have been developed that aim to
detect bacteria that come specifically from human feces.13 The performance of human-
associated markers has been studied in multi-laboratory trials.18 Studies have examined the
occurrence of the most commonly employed marker, which targets the HF183 16S rRNA
gene cluster of the Bacteroides genus (HF183/BacR287, henceforth “HF183"), in storm
water,19 wastewater,20:21 fresh-water,22:23 and marine water.24-28 However, there is still little
observational data available on the occurrence and cooccurrence of HF183 with gENT and
cENT in shoreline marine waters over extended temporal and spatial scales. Furthermore, to
our knowledge, there are no published studies seeking to understand how multiple
environmental factors modulate HF183 fate and transport in surface waters.

To address these knowledge gaps, we measured cENT, gENT, and HF183 (collectively
called “indicators™) over two years at 14 stations spanning approximately 40 km of shoreline
marine waters around the peninsula city of San Francisco, California, USA (SF). These
waters surround several highly-urbanized watersheds serviced by combined wastewater and
storm water systems, and are subject to occasional partially treated combined sewer
discharges (CSDs). San Francisco has a population over 800 000,2° 65% impervious land
cover,30 and a Mediterranean climate3! with rain events and CSDs occurring primarily from
November to March.

Specifically, this study sought to answer several fundamental and applied research questions.
First, we aimed to understand how prevalent these three indicators are and what that
suggests about their sources. Second, we aimed to understand how using qENT /n fieu of
cENT for routine, state-mandated monitoring would affect the number of beach advisories in
the region. Third, we aimed to understand how environmental factors and anthropogenic
inputs such as CSDs are associated with indicator levels. The results of this study provide
valuable information on the source of microbial pollution in this region, and important
insights on how various environmental processes affect the fate and transport of traditional
(cENT) and more novel indicators (QENT and HF183).

2 Methods

2.1 Sample collection

500 mL of marine water was collected in 2014 and 250 mL in 2016 from 14 routinely
monitored ocean and bay stations (“monitoring stations”) surrounding the perimeter of San
Francisco, California where recreational water contact may occur (Fig. 1). Samples were
collected weekly on the same day of the week (Monday) from January to November in 2014
and from March to November in 2016, yielding a total of 1050 samples (75 weekly samples
at each of 14 monitoring stations). Weekly monitoring samples were typically collected in
the morning (11 of 1050 were collected after noon) and transported to the laboratory on ice
for immediate processing. The time of sample collection was noted for each sample.
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In addition, samples were collected from stations on days when CSDs occurred. The CSD
stations used in these analyses included 10 of the 14 routinely monitored stations
(“monitoring/CSD stations™), as well as 5 stations that were only sampled when CSDs
occurred (“CSD-only stations™). Sample times were recorded and occurred as late as 16:00,
depending on the time the CSD occurred. Samples collected within 1 km of, and on the
same day as, a CSD were denoted “CSD samples” whether they were collected at
monitoring/CSD stations or CSD-only stations. Whenever cENT concentrations in CSD
samples exceeded the California single sample maximum criterion (104 most probable
number (MPN)/100 mL), follow-up samples were collected daily until concentrations
dropped below that threshold. Follow-up samples were also generally collected in the
afternoon, as their collection depended on lab results from the previous day’s sample.

2.2 CSD occurrence

During our study period, 20 CSDs occurred that were co-located with our sampling stations
(considering both monitoring stations and CSD-only stations). CSD flow volumes were
estimated by SFPUC staff from infrastructure water level measurements, and are publically
available online (https://www.waterboards.ca.gov/ciwgs/publicreports.shtml). Reported
discharge volumes ranged from 3.4 x 103 L to 1.6 x 108 L. To assess the impact of these
CSDs on fecal indicator values, we mapped samples collected within 1 km of and on the day
of a CSD to their respective CSDs. 1 km was selected as the distance threshold because
beaches in SF are posted with beach advisories in the event of a CSD within approximately
1 km. Since in some cases multiple stations were located within 1 km of CSD discharge
points, this resulted in 34 samples corresponding to these 20 CSDs.

2.3 Culture analysis

Culturable enterococci (CENT) were enumerated using Enter-olert (IDEXX Laboratories,
Westbrook, ME) by performing a 1 : 10 dilution using 10 mL of sample diluted into 90 mL
of phosphate buffer dilution water per manufacturer’s protocol. Concentrations were
determined using an MPN table provided by IDEXX.

2.4 Membrane filtration and DNA extraction

In 2014, 100 mL of water sample was filtered through a 0.4 um pore size (47 mm in
diameter) polycarbonate membrane filter (GE Osmonics, Minnetonka, MA). In 2016, only
50 mL of water sample was filtered to minimize clogging of the filters. One water sample
filtration blank (method blank) was processed using 20 mL of sterile phosphate buffered
saline before, after, and between every six water samples. All filters were placed into 2 mL
screw cap tubes filled with 0.3 g of sterilized glass beads and processed according to USEPA
method 1609.1.32 A 5-fold dilution using 20 uL of crude DNA extract was performed for
use as template in the gENT assay. The remaining 380 pL of crude DNA extract was
purified for HF183 analysis using the DNA-EZ RWO02 kit (GeneRite LLC, North Brunswick,
NJ) following manufacturer’s instructions.
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2.5 gPCR amplification

Real time gPCR assays used in this study are shown in Table 1. The Enterococcus Ela assay,
herein referred to as “qENT” for gPCR-Enterococcus, was amplified following the reaction
conditions given in USEPA method 1609.1.32 The human-associated Bacteroides assay,
HF183/BacR287, was amplified as described in Green et a/20 Briefly, to measure the HF183
target, a total reaction volume of 25 uL, which consisted of 1x TagMan® Environmental
PCR Master Mix (Thermo Fisher Scientific, Grand Island, NY), 0.2 mgmL~1 bovine serum
albumin, 1 uM of each primer, 80 nM of each probe, 100 copies of IAC DNA, and 2 uL of
DNA sample extract. Reaction conditions for all targets consisted of an initial incubation at
50 °C for 2 min, then 95 °C for 10 min, followed by 40 PCR cycles of 95 °C for 15 s and

60 °C for 1 min. All reactions were carried out in a StepOnePlus™ thermal cycler (Thermo
Fisher Scientific, Grand Island, NY).

2.6 Standards and controls

Calibrator cells of Enterococcus faecalis (ATCC# 29212) were prepared as previously
described.34 Approximately 2.66 x 10° £. faecalis cells were present in each calibrator
sample. Genomic DNA extracts of £. faecalis were serially diluted to yield estimated target
sequences per reaction of 1.0 x 101, 3.5 x 101,1.2 x 102, 3.9 x 102 and 4.3 x 103 copies. A
master standard curve for the HF183 assay consisted of diluted plasmid DNA with estimated
target sequences of 4.0 x 101, 1.0 x 102, 4.0 x 102, x 103 and 4.0 x 104 copies per reaction.
A sample processing control (SPC), consisting of salmon DNA spiked into samples prior to
DNA extraction, was used to detect sample matrix interference and assess DNA recovery.33
Extracts showing salmon DNA amplification greater than three cycle quantification units
(&) above the mean of the corresponding salmon DNA calibrator Gy were reanalyzed after
an additional five-fold dilution of the extract. If results still failed the SPC criterion, that
sample was recorded as “failed SPC” and was excluded from further analyses. Additionally,
plasmid constructs containing target primers (for gENT and HF183, respectively) and
universal probes were used as an internal amplification control (IAC) to indicate
amplification interference. Samples with IAC G exceeding the amplification threshold,
which was the mean of the IAC no template control plus three standard deviations, were not
used in further analysis. The template sequences for the IACs were constructed as described
in USEPA Method 1609.1 (ref. 32) and Green et al., 20 respectively, and then synthesized 7n
vitro and ligated with a pIDTSMART-KAN plasmid vector (Integrated DNA Technologies,
Coralville, 1A). All gPCR measurements were run in duplicate. Filter blanks and no-
template controls were analyzed with each batch of unknown samples.

2.7 Target detection and quantification

Enterococcus faecalis calibrator cell equivalents (CCE)/100 mL of water sample were
estimated by the AAG comparative G calibration model.33 The HF183 genetic marker
densities were estimated using a master standard curve.3® Theoretical lowest detectable
concentrations (LDCs), defined as the sample concentration corresponding to detecting one
unit of target (MPN, CCE, or copy), were calculated for each quantification assay by
accounting for sample dilution and filtration volume, DNA eluate dilution and volume, and
calibrator cell to copy number conversion factors, where applicable. The LDC for cENT was
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10 MPN/100 mL. For gENT and HF183, LDCs differed in 2014 and 2016 due to different
filtration volumes. LDCs for gENT were 27 and 53 CCE/100 mL in 2014 and 2016,
respectively, and 53 and 105 copies/100 mL for HF183 in 2014 and 2016, respectively. A
sample was considered positive if at least one analytical replicate exceeded the LDC.

2.8 Hypothesis tests and correlation

All data analysis was performed in R version 3.3.3.36 Three distinct subsets of data were
utilized for different analyses. Specifically, to estimate the duration of contamination
produced by CSDs, CSD samples and their daily follow-up samples were analyzed. Since
daily follow-up samples were collected on a conditional basis - conditional on the
knowledge that the previous day’s cENT concentration exceeded 104 MPN/ 100 mL - these
specific samples were not considered to be statistically random samples and were thus
excluded from all analyses other than duration of contamination estimate. To assess whether
CSDs had a statistically significant impact on indicator levels, only samples from
monitoring/CSD stations were utilized. For all other analyses, only weekly monitoring
samples from all 14 monitoring stations were used.

Substitution of values below LDCs was avoided for hypothesis tests and correlation.37
Maximum likelihood estimation assuming common statistical distributions (e.g., lognormal,
negative binomial, gamma) yielded poor fits to indicator concentration data. Thus, non-
parametric statistics capable of handling censored data (since many values were below
LDCs) from the ‘NADA’38 and “interval’3? packages in R were used. Standard errors of
medians were computed with 1000 bootstrap samples. To compare 3 or more groups of
concentration data, the Generalized Wilcoxon (GW) test for interval-censored data was used.
To test rank-order correlation between indicators, intervals were treated as left-censored, and
Kendall’s tau- a correlation coefficient for left-censored data (hereafter, KTC), which is
expected to be about 0.15 units smaller than Spearman’s coefficient for the same degree of
correlation,*0 was used. The Wilcoxon Signed-Rank (WSR) test was used to assess
differences in mean ranks between paired groups of correlation coefficients, and Fisher
scoring was used to test differences between pairs of correlation coefficients. The Wilcoxon
Rank Sum (WRS) was used to assess differences between independent groups of non-
censored data. Hypothesis tests of independence of categorical variables were performed
using Chi-square (XZ) tests or, for tests stratified by station, Cochran-Mantel-Haenszel
(CMH) tests. McNemar’s test was used to test difference of proportion between paired
categorical data. Exact tests were used when contingency tables contained expected values
less than 5. To test for the degree of association between indicator levels and CSD
occurrence while controlling for the effect of precipitation, indicator concentrations were
dichotomized at health-relevant thresholds (see Results) and regressed against CSD
occurrence and 72 hour cumulative precipitation using binary logistic generalized linear
mixed effects models (GLMM). GLMMs were performed using the R package ‘Ime4’4! and
accounted for differences between sampling stations by treating station as a random effect.
Further details on these statistical analyses are provided in ESI.T

Conflicts of interest
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2.9 Multivariate regression models

Multivariate binary logistic regression models incorporated environmental variables
expected to be important in controlling indicator concentrations. Each monitoring station
was modeled separately, with indicator concentrations dichotomized at the median value at
each station (Table 2). Models were fit to data from weekly monitoring samples of CENT,
gENT, and HF183, respectively, from all 14 monitoring stations, yielding a total of 42
models. LASSO regularization was used for variable selection and coefficient estimation,*2
implemented in the R package ‘glmnet’ 43

Predictor variables considered in the models were CSD occurrence (CSD occurred on day of
sample within 1 km of station), precipitation (cumulative precipitation over the prior 72
hours), time since solar noon (equal to time of sampling minus time of solar noon, in hours),
tide level (at time of sampling), tidal gradient (at time of sampling), daily tidal range,
significant wave height (at time of sampling), average daily solar insolation, average daily
water temperature, and average daily wind speed (Table 3). These variables were chosen
because previous modeling work has identified these variables as potentially important
predictors of indicator concentrations.4-4¢ All daily variables pertain to the day on which
the sample was taken (these values were highly correlated with day-before sample values,
data not shown). Further regression modeling details are provided in ESI.t

3 Results

3.1 Performance of microbiological assays

Of 1352 total samples collected, 55 samples failed the SPC criterion. Five-fold dilution did
not cause any samples that initially failed the SPC criterion to pass the SPC criterion. Nearly
all SPC-failed samples were taken from sites B5, B6, and B7 (Table 2). These sites are
typically shallow and muddy, and water samples taken from them are frequently more turbid
than those from the other sites (data not shown). None of the samples failed the IAC
criterion. The amplification efficiencies of the gENT and HF183 assays were 98% and 97%,
respectively. Method blanks and no template controls showed no signs of contamination, as
Cy values were undetermined for these reactions.

3.2 Indicator detection frequency

Across all 14 monitoring stations, the mean cENT detection frequency was 42% (global n=
1050; range among stations = 17%, 79%) (Table 4). Mean gENT detection frequency was
75% (n=1016; 49%, 99%), and mean HF183 detection frequency was 77% (/7= 1050; 41%,
97%). gENT was detected more frequently than cENT at all stations, while HF183 was
detected less frequently than cENT at 2 stations. In 5% (53/1016) of samples, CENT was
detected and gENT was not. Detection frequency of each indicator varied by station (Xz test
for each indicator, p < 0.05). Aggregating data across stations, CENT and gENT were
detected more frequently on the bay than the ocean side (X2 test, p < 0.05) of the peninsula.
HF183 detection frequency did not vary between stations located on the bay versus ocean

Francisco Public Utilities Commission. Mention of trade names, products or services does not constitute endorsement or
recommendation for use by the US Government, the U.S. EPA, or SFPUC.
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side (X2 test, p> 0.05). The null hypothesis that cENT detection frequency was independent
of gENT detection frequency (stratified by station) was rejected (CMH exact test, p < 0.05).
The null hypothesis that cENT detection frequency was independent of HF183 detection
frequency (stratified by station) was not rejected (o > 0.05). The null hypothesis that gENT
detection frequency was independent of HF183 detection frequency (stratified by station)
was rejected (p < 0.05). These three CMH tests were Bonferroni corrected for three
comparisons.

3.3 Indicator concentration trends

Median concentrations (units of MPN, CCE, and copies/100 mL, respectively) across all
monitoring samples were <10 (standard error (se) = not applicable (NA) because median not
precisely known; 7= 1050), 80 (3.7; 1016), and 293 (24.3; 1050) for cENT, qENT, and
HF183, respectively (Table 2). Concentrations of all three indicators varied across the 14
stations (GW test,p < 0.05), with median concentrations ranging from <10 (se = NA) to 41
(7.6) for cENT, <53 (NA) to 457 (84.4) for gENT, and <105 (NA) to 1530 (303.6) for
HF183. Indicator concentrations aggregated across stations varied by month (Fig. 2), with
median concentrations of all three indicators lowest in dry summer months (CENT <10 in
April-September and November, gENT = <53 in June and August, HF183 = <104 in
August) and highest in wet winter months (CENT = 20 (14.8), gENT =219 (110.1), HF183
= 1746 (355.7), all in January). Indicator correlations between stations showed no clear trend
as a function of distance between stations.

3.4 Correlation between indicators

cENT and gENT were significantly positively correlated (KTC, p< 0.05) at 9 of 14
monitoring stations: O3, 04, 06, B1, B2, B3, B5, B6, and B7 (Fig. 3). Median and
maximum correlation coefficients between cENT and qENT across all stations were 0.17
and 0.46, respectively. cENT and HF183 were significantly positively correlated at 3 of 14
stations (stations O2, O3, and O4). The other eleven stations showed no significant
correlation between cENT and HF183. Median correlation between cENT and HF183 was
0.05 and maximum was 0.14. gENT and HF183 were significantly positively correlated
(KTC, p<0.05) at 2 of 14 stations: B3 and B7. Median correlation between gENT and
HF183 across all stations was 0.12, and maximum was 0.20.

To compare the variability of the gENT and HF183 molecular assays, correlations between
analytical duplicates of gENT (“qENT-gENT”) and between analytical duplicates of HF183
(“HF183-HF183") were also computed (Fig. 3). Analytical duplicates of gENT were
significantly positively correlated at 11 of 14 monitoring stations. Median and maximum
gENT-gENT correlations across all stations were 0.28 and 0.53, respectively. Analytical
duplicate HF183 measurements were significantly positively correlated with each other at all
monitoring stations, with median and maximum correlations of 0.41 and 0.66, respectively.
Duplicate HF183 measurements were more highly correlated with each other than duplicate
gENT measurements were with each other (p < 0.05).

Correlations between indicators were higher in CSD samples, with KTC = 0.72 (n=28),
0.42 (n=34), and 0.52 (n= 28) for cENT-qENT, cENT-HF183, and gENT-HF183,
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respectively, than in all monitoring samples taken together (p < 0.05). To test whether the
increased correlation following CSDs is merely a product of indicator levels being elevated,
these correlation coefficients were compared to correlations between indicators in all other
samples containing high cENT levels ($104 MPN/100 mL). Correlation coefficients between
indicators in these “high-cENT” samples were 0.29 (7= 58), -0.05 (7= 68), and 0.13 (n=
58), for cENT-gENT, cENT-HF183, and gENT-HF183, respectively. Correlations between
CENT-gENT and cENT-HF183 were statistically greater (v < 0.05) in CSD samples than in
all high-cENT samples, and gENT-HF183 showed a trend toward correlations being greater
in CSD samples than high-cENT samples (p = 0.07).

3.5 (QENT versus cENT for beach posting decisions

We compared all available paired cENT and gENT measurements from monitoring stations
(n=1016) to the cENT California single sample criterion (104 MPN/100 mL) and the gENT
statistical threshold value (STV) set forth in the USEPA 2012 Recreational Water Quality
Criteria corresponding to a risk threshold of 32 illnesses per 1000 primary contact recreators
(1280 CCE/100 mL) (Fig. 4). These criteria are used to post beaches as unfit for swimming.
Overall, cENT and gENT measurements led to the same beach posting decision (post or no-
post) in 95% of samples. Global comparisons yielded fewer excursions for gENT (32
excursions, 3% of all samples) than for cENT (59 excursions, 6% of all samples), with both
indicators simultaneously exceeding their respective STVs in 21 samples (2% of all
samples). The null hypothesis that cENT and qENT were equally likely to exceed their
respective standards was rejected (McNemar’s test, p < 0.05).

3.6 Associations between CSDs and indicator levels

During our study period, 20 distinct CSD events occurred that were co-located with our
sampling stations, resulting in 34 CSD samples (see Methods). Reported discharge volumes
ranged from 3.4 x 103 L to 1.6 x 108 L. Of 34 CSD samples, 14 samples had cENT levels
below 104 MPN/100 mL. These 14 samples corresponded to CSD events with statistically
smaller flow volumes (WRS, p < 0.05), with median volume = 57 x 103 L, than the other 18
CSDs, with median flow volume = 54 x 108 L. In the event of a CSD, water samples were
collected daily until cENT levels dropped below 104 MPN/100 mL. On average, it took 1.1
days (95% ClI: 0.5, 1.6) from the date of the CSD for cENT concentrations to drop below
104 MPN/100 mL, although in one case a CSD was followed by 8 consecutive exceedance
days of cENT over 104 MPN/100 mL. As described in Methods, mixed effects models were
used to test the degree of association between indicator levels and CSD occurrence using
samples from the ten monitoring stations where at least one CSD occurred during the study
period. GLMMs controlled for the effect of precipitation, accounted for differences between
sampling stations, and excluded daily follow-up samples. On average, CSD occurrence was
associated with a 20-fold (GLMM, 95% CI: 6, 66) increase in the odds of measuring high
CENT (cENT exceeding the CA single sample maximum criterion 104 MPN/100 mL) in a
sample, a 10-fold (95% CI: 3, 39) increase in the odds of measuring high gENT (QENT
exceeding the USEPA STV of 1280 CCE/100 mL), and a 3-fold (95% CI: 1, 11) increase in
the odds of measuring high HF183 (HF183 exceeding the risk-based benchmark estimated
in a previous QMRA study of 4200 copies/100 mL (ref. 53)).
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3.7 Multivariate regression models

Regression results from all 42 models (one model for each of the three indicators at fourteen
stations) are summarized in Table 5. Predictor variables are ranked by the total number of
models in which they were selected by the LASSO method, /.e., explained a statistically
important amount of variance in the odds of the outcome variable being high as opposed to
low (above or below median).

Mean daily solar insolation and 72 h precipitation were the only two predictors selected in
CENT models. When selected, insolation was always negatively related to cENT and
precipitation was always positively related. At ten of fourteen stations, the null model was
selected for cENT (i.e., including any predictors did not improve model performance per the
cross-validated LASSO method).

Mean daily solar insolation (coefficient always negative) and 72 h precipitation (coefficient
always positive) were relatively important predictors in gENT models, as was mean daily
water temperature (coefficient always negative). Time since solar noon (positive coefficient),
significant wave height (positive coefficient), and tidal gradient (negative coefficient) were
each chosen in one model, and the null model was the best performing at eight of fourteen
stations.

For HF183, 72 h precipitation (coefficient always positive) was selected at nine of fourteen
stations and water temperature (coefficient always negative) was selected at five stations.
Tidal range was selected at two stations (coefficient always positive), and solar insolation
(negative coefficient), time since solar noon (positive coefficient), and tide level (positive
coefficient) were each selected once. The null model was the best performing at three of
fourteen stations for HF183.

Notably, CSD occurrence and mean daily wind speed were the only two predictors not
selected in any model for any indicator. To confirm the null effect of CSDs identified in
these models, all models were run again twice: once without the precipitation variable to
check whether co-linearity with the CSD variable was obscuring a CSD effect, and once
with CSD volume instead of CSD occurrence. Neither scenario changed the number of
models (zero) in which CSD was selected as an important predictor. Correlations between
the precipitation variable and the water temperature and solar insolation variables (Pearson’s
correlation = —0.36 and —0.27, respectively), were within the range of correlations between
predictors employed in previous models.** A summary of alternative models is given in
Table S1,T and coefficient estimates of the final model with precipitation and CSD
occurrence are given in Table S2.1

Predictors were not chosen consistently across indicators at individual stations. For example,
precipitation was not selected for all three indicators at any one station. Precipitation was
selected for cENT at stations O3 and B1, for gENT at stations O4, B4, and B5, and for
HF183 at stations O2, 04, 05, 06, O7, B1, B3, B4, and B6. No clear geographic patterns of
predictors emerged. See Table S2t for regression results broken out by station.
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4 Discussion

4.1 Molecular indicators were more frequently detected than the culturable indicator

Overall, gENT was detected in 75% and HF183 in 77% of samples, whereas cENT was
detected in 42%. It was expected that gENT would be detected more frequently than cENT
because culturable enterococci represent a subset of total Enterococcus 23S rRNA gene
content in a sample. However, in a small subset of samples, CENT was detected and gENT
was not. This disparity may be attributable to the fact that the LDCs for gENT (27 and 53
CCE/100 mL in 2014 and 2016, respectively) were higher than the LDC for cENT (10
MPN/100 mL), although units differ. It may also be due to variability in 23S rRNA gene
copy number across Enterococcus spp.,>* less than 100% efficient DNA extraction,® or
analytical uncertainty in gENT measurements.>® In contrast, as shown in this study, HF183
detection frequency can be substantially greater than or less than that of cENT depending on
the station, which may be due to variation in sources of fecal pollution® or differential
persistence of CENT and HF183 in seawater.1®

4.2 HF183 was frequently detected

Overall, HF183 was detected in 77% percent of samples. This suggests that humans are a
source of fecal pollution along the San Francisco shoreline. Based on these data, it may
make sense to conduct additional investigation into the areas contributing to stations B3 and
B4, where HF183 was detected in 97% of monitoring samples and median HF183
concentrations (1530 and 1197 copies/100 mL, respectively) were twice as high as the next
highest station. HF183 was detected more frequently in our marine shoreline samples than in
a study of several urban-impacted recreational beaches in Florida and South Carolina
(detection frequency 0% to 20%);46 a study of two non-point source impacted beaches in
Southern California (27%);2° a regional study of freshwater coastal drainages in Southern
California, in which 21% and 52% of samples were positive for HF183 in dry weather and
wet weather, respectively:24 and a study of urban storm water outfalls in Milwaukee (57%).
19 These differences in detection frequency may be due to differences in watershed land use
(e.g., San Francisco’s watersheds are highly urbanized), rainfall (San Francisco receives
more rainfall than Southern California), solar insolation (generally lower in San Francisco
than in sites examined in these other studies), and water matrices (seawater versus
freshwater or storm water). Differences in DNA extraction and amplification efficiency, as
well as detection assays (McQuaig et al., 2012 used a form of endpoint PCR to detect
HF183) and definitions of positive detection, may also contribute. The HF183 marker is
highly specific to human feces as determined in a large California-based method comparison
study.18 However, in some locales, the HF marker has been detected in other mammalian
feces albeit at low densities.>®

4.3 HF183 detection patterns differed from those of CENT

In fact, global HF183 detection varied independently of cENT detection. While enterococci
detection was more frequent at bay stations than ocean stations, HF183 detection was not.
Furthermore, the two stations (B6 and B7) with the lowest HF183 detection frequency had
the highest enterococci (both cENT and gENT) detection frequency, which may suggest
frequent fecal inputs from non-human sources or environmental enterococci. One possible
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source is gulls, which are observed regularly flocking to waters adjacent to these two
stations (data not shown). While relative human fecal contribution may differ by station,
using these data to make fecal source attribution is complicated by the fact that cENT and
HF183 decay at different rates in marine waterl® and that fecal source type - contaminated
sediment, raw feces, sewage, or septage - impacts cENT and HF183 decay rates.16.17

4.4 All three indicators showed seasonal variation

When fecal indicator concentrations were averaged across stations for each sample date, a
distinct seasonal pattern emerged for cENT, gENT, and HF183, with higher concentrations
in winter and lower in summer months. A large body of evidence shows that winter
conditions found in San Francisco, including colder water temperatures®’ and reduced solar
radiation,1%16:58 increase persistence of CENT in marine water. Studies that simultaneously
examined the effect of sunlight on gENT and HF183 decay in marine water found a less
pronounced effect on gENT than on cENT, and have provided contrasting evidence on the
effect of sunlight on HF183.14-16 However, given that cENT, gENT, and HF183 in San
Francisco shoreline waters share at least some common sources, such as CSDs%%:60 and
urban runoff,46:61.62 which themselves show strong seasonality in San Francisco, it is not
surprising that all three indicators show seasonality.

4.5 The current CA standard for cENT yielded nearly twice as many exceedances as the
gENT standard given in USEPA’s 2012 recreational water quality criteria

This indicates that over our two-year study period, CENT was a more conservative fecal
indicator than gENT. Without accompanying site-specific pathogen data or epidemiological
data, however, we cannot determine which indicator more accurately reflects risk to human
bathers in these waters. Over-all, because most samples contained enterococci well below
the cENT and qENT thresholds, these indicators produced the same beach posting decision
in the great majority of samples.

4.6 CSDs were associated with significantly increased odds of cENT, gENT, and HF183
exceeding health-relevant thresholds’ controlling for precipitation

This result was obtained using data from the ten monitoring stations where at least one CSD
occurred during the study period. It includes samples taken immediately after CSDs
occurred (CSD samples), even if those samples were not part of the weekly monitoring
routine, and it excludes all daily follow-up samples, as justified in the Methods. CSD flows
in San Francisco comprise a mixture of urban runoff and sewage, which receives treatment
equivalent to wet-weather primary treatment, and thus are expected to contain high levels of
cENT, gENT, and HF183.19.59.61.63 |nterestingly, however, in 14 out of 34 CSD samples,
CENT concentrations were below 104 MPN/100 mL. All 14 of these samples were taken
within 6 hours of the termination of the corresponding CSDs, which ranged in volume from
38 x 103 to 47 x 106 L. This result is not necessarily surprising given our understanding of
the complexity of nearshore currents and the patchiness of nearshore contamination.%4

At first, this result may seem to contradict the results from the multiple regression analysis
that showed CSD was not an important predictor of indicator levels measured during routine,
weekly sampling. A likely explanation is that CSDs did not frequently coincide with weekly
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monitoring samples. Only 8 of 1050 weekly monitoring samples used to construct the
regression models were CSD samples.

4.7 Precipitation, solar insolation, and water temperature were the most important
predictors in 42 models of weekly monitoring samples

For cENT, precipitation and solar insolation were relatively important predictors. In
statistical models presented by two other studies, precipitation is consistently found to be an
important predictor of cENT levels at marine beaches, while solar insolation is sometimes
significant though less consistently s0.46:65 Precipitation and water temperature were the
most important predictors of the two molecular indicators, especially HF183. The
importance of precipitation for all three indicators highlights the significance of untreated
storm water, as a source of fecal pollution to SF shoreline water, even though most of the
city is serviced by a combined sewer system. Further study is warranted to understand the
mechanisms that mediate the effects of runoff on indicator levels in this system. Likely,
sunlight and water temperature control the persistence of indicators once introduced to
shoreline waters, acting via photoinactivation and dark decay processes, respectively.

Interestingly, environmental predictors contained more information about HF183 levels than
CENT or gENT levels, as the null model was selected for HF183 at only 3 of 14 stations,
compared to 10 of 14 for cENT and 8 of 14 for gENT. Tidal variables showed a positive
relationship with HF183 at two stations, suggesting that washing of sand®® and other
shoreline surfaces or hydraulic pumping of submarine ground water8” may be sources of
human fecal pollution at these stations. Given the importance of precipitation and water
temperature for HF183, these two measurements in particular could prove useful for
predicting HF183 levels in SF shoreline waters. Overall, our results represent the first
statistical models connecting field measurements of HF183 in marine waters to these
environmental factors.

The three dominant predictors - precipitation, solar insolation, and water temperature - show
the same relationship directionality (positive or negative) across all indicators and stations,
suggesting that these drivers act similarly in all SF shoreline waters, and that the effects are
unlikely to be a result of Type I error. However, given that specific predictors were not
consistently selected at individual stations (e.g., precipitation was not selected at the same
stations for CENT, gENT, and HF183), it appears that individual models may be required not
only to model each station, but also to model each indicator.

4.8 Analytical duplicates of HF183 were more strongly correlated than were analytical
duplicates of gENT

These results suggest that duplicate gENT correlations were somewhat low in comparison to
duplicate HF183 correlations. This may stem from the fact that the gENT protocol32
employed crude extracts of environmental DNA, while HF183 extracts were purified.
Different calibration models for the gENT and HF183 protocols may also contribute to this
difference in analytical replicate variability.
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5 Conclusions

. HF183 was detected more frequently in San Francisco shoreline waters than in
many other marine water studies, even though cENT exceeded the CA single
sample maximum criterion in only 6% of samples.

. Controlling for precipitation, CSDs were associated with elevated odds of CENT,
gENT, and HF183 exceeding health-relevant thresholds, even though CSDs were
not important predictors of indicator levels typically measured throughout the
year.

. Regression results suggest that storm water flows are likely an important source
of all three indicators to shoreline waters, especially HF183.

. Statistical models also suggest that elevated water temperature may be an
important driver of decay of molecular indicators, and that solar radiation may be
more important for cENT decay.

. Overall, cENT was a more conservative indicator of fecal pollution than was
gENT, as cENT resulted in 6% and qENT resulted in 3% of samples exceeding
recreational water quality criteria.
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Refer to Web version on PubMed Central for supplementary material.
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Environmental significance

This study yields insights into the environmental processes and anthropogenic inputs that
impact fecal pollution levels in the urban ocean. We identify factors that differentially
impact traditional fecal indicators (culturable enterococci, cENT) and new molecular
indicators (QPCR-enterococci, gENT, and a human- specific marker, HF183/BacR287).
This paper describes quantitative relationships between these three indicators, the
understanding of which is crucial for strategically monitoring recreational waters and
identifying areas of highest concern to human health using HF183.
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Fig. 1.
Sampling stations and CSD locations around San Francisco. Red circles represent weekly

monitoring stations. White circles represent stations sampled only when a CSD occurs.
Arrows represent locations where CSDs may occur. Arrows are symbolic and arrow lengths
do not correspond to CSD volumes or distance offshore of discharge. Map made in QGIS
open source software (http://qgis.osgeo.org) using Bing satellite imagery.
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Fig. 2.
Median indicator values by month, aggregated over years 2014 and 2016. Grey bars

represent mean monthly precipitation over years 2014 and 2016. Error bars represent
bootstrapped standard errors, based on 1000 bootstrap samples. Dashed lines represent the
interval containing the median for the months in which medians were below the highest
LDC for each indicator, 7.¢e., <10 MPN/100 mL, <53 CCE/ 100 mL, and <105 copies/100
mL for cENT, gENT, and HF183, respectively. Note that due to this log 10 representation,
the dashed line intervals only extend to 0 log 10 (equal to 1 in original concentration units),
while the true intervals extend to include 0 in original concentration units.
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Fig. 3.

Higstograms of correlations between indicators at each station (14 stations with 7= 75 at each
station, except for stations at which qENT failed SPC measures, see Table 2). (a) Depicts
correlations between different indicators, and (b) depicts correlations between analytical
duplicates of each molecular assay: the gENT assay ("qENT-gENT”) and the HF183 assay
(“HF183-HF183™), respectively. Correlation coefficient is Kendall’s tau-a for left-censored
data.
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Fig 4.

Aﬁ paired cENT and gENT measurements (/7= 1016). Red dashed lines represent thresholds
for posting beaches based on a single sample measured at weekly intervals. The vertical red
dashed line is the California cENT single sample maximum (104 MPN/100 mL). The
horizontal dashed line is the USEPA gENT statistical threshold value (1280 CCE/100 mL).6
Numbers inside the plot represent the number of points in each quadrant. Gray dotted lines
correspond to censored values (at least one replicate below LDC), and represent the interval
spanning the possible values. Diagonal dotted lines appear for samples where both cENT
and gENT were censored. Note that due to this log10 representation, the dashed line
intervals only extend to the edge of the plot area, while the true intervals extend to include 0
in original concentration units.
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Indicator detection frequency by station. Cells are color- coded to represent relative detection frequency for
each indicator. Means were calculated by collapsing across the appropriate category (ocean/bay or all stations)

Region

Station

Detection frequency

cENT gENT HF183

Ocean

o1
02
03
04
05
06
o7

Mean

25%
25%
24%
17%
24%
65%
35%
31%

49%
58%
52%
57%
59%
81%
64%
60%

53%
73%
80%
88%
81%
80%
84%
7%

Bay

B1
B2
B3
B4
B5
B6
B7

Mean

33%
51%
49%
28%
61%
79%
73%
54%

7%
88%
91%
93%
89%
99%
95%
90%

91%
89%
97%
97%
67%
51%
41%
76%

Grand
Mean

42%

75%

7%
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