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Abstract:

Though Lake Michigan beaches in Chicago are noaotgal by stormwater or
wastewater outfalls, several of those beaches efteaed USEPA Beach Action Values
(BAVSs). We investigated the role of microbial sceitcacking (MST) as a complement to
routine beach monitoring at Chicago beaches. Imsein2016, water samples from nine
Chicago beaches were analyzedEocoli by culture and enterococci by gPCR. A total of 195
archived samples were then tested for human (HBE&B287, HumM2), canine (DG3, DG37),
and avian (GFD) microbial source tracking (MST) kesis. Associations between MST and
general fecal indicator bacteria (FIB) measuresvesaluated and stratified based on wet and
dry weather definitions. Among the 195 samples, 8#®&acR287 was quantifiable in 4%,
HumM2 in 1%, DG3 in 6%, DG37 in 2%, and GFD in 23Pke one beach with a dog area was
far more likely to have DG3 present in the quaakife range than other beaches. Exceedance of
general FIB BAVs increased the odds of human, dabevian marker detection. MST marker
weighted-average fecal scores for DG3 was 2.4 {iD&37 was 2.1 times, and GFD was 1.6
times higher during wet compared to dry weathedadans. HF183/BacR287 weighted-average
fecal scores were not associated with precipita#@sociations between FIB BAV exceedance
and MST marker detection were generally strongerahweather. Incorporating MST testing
into routine beach water monitoring can provideinfation that beach managers can use when

developing protection plans for beaches not immghbtepoint sources.
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461. Introduction:

47 General fecal indicator bacteria (FIB), suctEasoli and enterococci, are widely used
48  for routine beach water quality monitoring (Unit8thtes Environmental Protection Agency,
49  2012). A limitation of this approach is that gené® found in beach water can come from the
50 fecal matter of a variety of host animals, such@awans, birds, dogs, ruminants and other

51  animals (Korajkic, McMinn, & Harwood, 2018). Furtheore, general FIB identified through
52  water testing does not necessarily indicate fecllifon, as naturalized populations of general
53 FIB can proliferate in beach wracks, submerged @guagetation, sediments and sands of

54  marine and freshwater beaches (Badgley et al.,;Bj&ppanahalli & Fujioka, 2004;

55  Byappanahalli et al., 2006; Imamura et al., 2014tHdi et al., 2019; Nevers et al., 2016;

56  Whitman & Nevers, 2003).

57 A clear understanding of the sources of generaliflliBeach water can be useful in

58 developing targeted mitigation strategies, paréidylin settings without an obvious source of
59  microbial pollution. In the past decade, microlsaiirces tracking (MST) methods have been
60 developed to distinguish between sources of feeakevby targeting DNA sequences or gene
61 fragments of fecal indicator bacteria that vary amdifferent animal hosts (at the genus or

62  species level). Source-tracking technologies targ¢tuman, canine, avian and other

63  agricultural and wildlife wastes have been usedeatify sources of fecal contamination within
64  various water systems including fresh and mariceeagional water around the United States
65 (Harwood et al., 2014). MST methods have been usefdentifying avian fecal pollution as a
66  problem at Great Lakes beaches, and in demongjriaginefits of interventions to reduce bird
67 presence (and bird fecal pollution) at beaches V€me et al., 2012; Kinzelman et al., 2008;

68 Nevers et al., 2018). Characterizing the soura#(general FIB might also be useful for
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estimating human health risk. Epidemiologic studiesducted at US marine and freshwater
beaches have found that the risks of gastroinedstiness among bathers increased in relation to
general FIB levels (Wade et al., 2008, 2010). Havethose studies were conducted at beaches
thought to be impacted by wastewater dischargesilé8iassociations between general FIB and
illness were not apparent at beaches with littimduo fecal pollution (Colford et al., 2007). At
beaches with intermittent or seasonal human fedéitpn impacts, the FIB-health risk
association has been observed only during periodéich human fecal pollution is thought to

be present (Benjamin-Chung et al., 2017; Yau eR@ll4). Thus, sources of indicator bacteria
may be important modifiers of associations betwggmeral FIB and human health risk.
However, this is far from settled, as in a largelemiologic study of swimming at beaches,
markers of human fecal pollution were at best istgtently (and in some cases, inversely)
associated with human health risk (Napier et @l1,72 2018).

Precipitation and the resulting flow of stormwatgther through outfalls or sheet flow
across beaches, transport microbes to near-shach eater. Precipitation is generally followed
by elevated concentrations Bf coli (Ackerman & Weisberg, 2003; Dwight et al., 2011rKet
al., 2017; Kleinheinz et al., 2009; McLellan et @007; Nevers & Whitman, 2011) and
somewhat less consistently, of enterococci (Coréerd., 2012; Jennings et al., 2018; Laureano-
Rosario et al., 2017; Staley et al., 2013). Oureusidnding of the relationships between sources
of fecal pollution, general FIB, and precipitatioomes largely from beaches impacted by
discharges from storm drains, combined sewer dsitisiormwater channels, and/or wastewater
treatment facilities at marine (Steele et al., 28 at Great Lakes beaches (Haack et al., 2013;
Nevers et al., 2018; Staley & Edge, 2016). Othediss of pollution sources and precipitation

have been conducted within the catchments of systems (Brooks et al., 2019; Li et al., 2019;
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Riedel et al., 2015). In settings where fecal galuis released from discrete points of
discharge, localized control or treatment of thdiseharges could potentially improve water
quality in wet weather. However, for beaches ngiasted by storm or septic discharges,
understanding the relationships between genergl MBI markers, and precipitation should be
helpful in estimating health risk and developingyeded wet weather and dry weather efforts to
prevent fecal pollution from different sources froeaching bathing waters.

Despite progress made in identifying sensitive gimetific MST methods, and the
success of applying these to identify pollutantrses in particular locations, the role of MST
testing as a complement to routine beach monitdraggyet to be evaluated. Lake Michigan
beaches in Chicago present a simplified scenaryatuate non-point source bacterial pollution
sources at beaches. This is because stormwatavastidwater are discharged into the Chicago
River, which has been engineered to flow away ft@ke Michigan, diverting pollution away
from the Lake and its beaches. As a result, Chitegahes should not be impacted by
wastewater discharges. Nevertheless, Beach Actabneg (BAVs), for both enterococci gPCR
andE. coliculture, are exceeded with some regularity atrsdwd Chicago’s Lake Michigan
beaches (Dorevitch, et al., 2017; Nevers & Whitn201,1). Whether these exceedances reflect
human fecal contamination (which would be unexpmBobe other sources of fecal pollution, is
still unknown. The incorporation of MST testingonoutine beach monitoring in Chicago

should be an opportunity to answer several question

1) Are host-associated genetic markers for human feadaltion present at beaches thought

to have no point sources of human fecal pollution?
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2)

3)

4)

Are the presence and/or concentration of human, @ud)bird MST markers associated
with general FIB measurements generated for rolo@aeh monitoring? If so, do the
associations vary depending on the choice of geRtBameasure?

Are the presence and/or concentration of human, awod)bird MST markers associated
with precipitation? Does precipitation modify assdions between the detection of MST
markers and general FIB measurements at theseaginhspurce impacted beaches?
What is the potential value of incorporating MS$tieg into routine beach monitoring at

non-point source impacted beaches?

1212. Material and Methods:
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2.1. Sitedescription and sample collection

Chicago has 42 km of lakeshore with 27 public beaghChicago Park District,” 2020).
During the summer of 2016, beach monitoring usmgmcocci quantitative
polymerase chain reaction (QPCR) was conducteddfiys a week (Wednesday-
Sunday) at nine Chicago beach&alfle A.1 andFigure A.1). Water samples were
collected in 1L polypropylene copolymer bottlegath of two transects, approximately
100 yards (roughly 92 meters) apart, at each b&dehsampling depth for samples was
about knee deep (at least 6 inches below the watéace). At the same times and
locations of sampling for gPCR analyses, water $asnpere collected fdg. coli

culture analyses (Wednesday-Friday). Samples wansported on ice to the University
of lllinois at Chicago School of Public Health WalMicrobiology Research Laboratory
within approximately 1.5 hours of collection fornmediate enterococci gPCR analysis

as described in detail in Dorevitch et al., 201'at&Y turbidity was measured in the



135 laboratory using a HF Scientific MicroTPW (HF Sdién, Fort Myers, FL) turbidity

136 meter, which was calibrated daily.

137 2.2. E. coli culture (ceC)

138 E. coliculture analyses were performed by STAT AnalyagpGration (STAT)

139 laboratory (Chicago, IL) using the defined substtast, Colilert® (IDEXX

140 Laboratories, Westbrook, ME). The upper limit ofqtification (uLOQ) for this

141 method is 2,419 most probable number (MPN)/100 Results > uLOQ were assigned
142 the value of 2,420 MPN/ 100 mL for data analysis.

143 2.3. Enterococci gPCR (gENT) analysis

144 The procedures outlined in USEPA Method 1609.1 (B&SE2015) were followed for
145 the filtration, extraction, amplification, and quidication of enterococci DNA as

146 described in Dorevitch et al., 2017. The procedsit@iefly described below.

147 From each beach water sample, 100 mL of water itasefl through 0.4 mm pore size
148 47 mm diameter polycarbonate filters (MilliporeSignBurlington, MA). Filters were
149 folded and placed in a 2-mL extraction tubes comgi 0.3 g of acid-washed glass

150 beads (Generite, LLC, North Brunswick, NJ). A tadab00 mL 0.2 mg/L single

151 stranded salmon testes DNA (SSDNA) (Sigma-Aldrigh,Louis, MO) was added to
152 each extraction tube. Genomic DNA was extractetidgad beating for 60s at 5000 rpm.
153 Tubes were subsequently centrifuged at 12,0000¢ & fnin. Supernatants were

154 transferred to sterile 1.5 mL low-retention micnotéuge tubes (Sarstedt, Inc., Newton,
155 NC), which were centrifuged at 12,000 x g for 5 nth@nomic DNA (in the

156 supernatant) was transferred to a sterile 1.5 ml- letention microcentrifuge tube and

8
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analyzed immediatelyn addition to the filters that were analyzed immagely,
additional sets of filters from each beach waten®as were archived in sterile, pre-
loaded glass bead tubes (GeneRite, LLC, North Bvigks NJ) at -80°C for future MST
analyses (<6 months).

Undiluted 5uL of final genomic DNA extracts were added to20of reagents, in
duplicate. All reactions were performed on the AggBiosystems StepOnePlus Real-
Time PCR platform (Applied Biosystems, Foster Cii) specified elsewhere
(USEPA, 2015). Additional details can be found eble A.3. For the quantification of
enterococci DNA, the comparative cycle threshald@t) method as described in
Method 1609.1 was used. Results for gENT were tegdas calibrator cell equivalents

(CCE)/ 100 mL.

2.4. Sample selection for M ST marker analysis

A total of 195 samples from the set of archivet&fg described above were selected for
MST testing based on their general FIB levels (el8@ qENT). The primary goal of
sample selection for MST analysis was to efficipotintrast the likelihood of marker
presence at beach-days (number of beaches mudtipjighe number of days of testing)
when general FIB levels were relatively high verslatively low. For that reason,
rather than analyzing a random sample of archivagmsamples (filters), we stratified
sample selection so that A) approximately 50% viiene beach-days in which gENT
CCE >320/100mL (50% of the USEPA’s BAV meant toitinecreational waterborne
illness to 32 cases/1000 bathers); B) approxim&@¥® were from beach-days in which
cEC MPN>160/100mL (50% of the USEPA's statisti¢akshold value (STV) meant to

limit recreational waterborne illness to 32 case80lbathers) and gENT was <320
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CCE/100mL; and C) approximately 30% of beach-daiis the lowest gENT (<320
CCE/100mL) and cEC values (<160 MPN/100mL). No dasifrom two beaches,
North Avenue and South Shore, were used in the BI&lysis as no general FIB BAV
exceedances occurred at these two sites. Of theel®&ted samples analyzed for MST
markers, 170 samples had corresponding cEC rdgitGR analysis was done

Wednesday-Sunday whike coli culture testing was done Wednesday-Friday).

2.5. qPCR analysisfor MST markers

Two canine markers, DG3 and DG37 (Green, Whital.e2014), one general avian
marker, GFD (Green et al., 2012), and two humaoneated markers, HF183/BacR287
(Green et al., 2014; USEPA, 2019a) and HumM2 (Shatlal., 2009; USEPA, 2019b),
were used. Genomic DNA extracted from the archsaadples was analyzed using
methods described previously (Kelty et al., 2012ar&s et al., 2016). Three method
extraction blanks (MeBs), with purified water sutuged for test sample, were
performed with each sample processing batch (3lestbatch). DNA extracts from
filters were stored at 4°C in 1.5 mL low-retentimicrocentrifuge tubes (Sarstedt, Inc.,
Newton, NC) until the time of analysis (<24 hours).

Two microliters of purified genomic DNA extractein the archived samples was
added to 23.L of PCR master mix (2pL total volume). The gPCR master mix
included 1X TagMan Environmental Master Mix (Versi®.0; Thermo Fisher
Scientific, Grand Island, NY), 0.1X SYBR Green led{GFD assay only; Thermo Fisher
Scientific, Grand Island, NY), 1 uM each primer,r8@ 6-carboxyfluorescein (FAM)-
labeled probe, and 80 nM VIC-labeled probe (HF188M287 and HumM2 multiplex

reactions only), and 0.2 mg/mL bovine serum albu{8igma-Aldrich, St. Louis, MO).

10
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Moreover, the PCR master mix for HF183/BacR287ldnthM2 also included 2 pL of
internal amplification control (IAC) plasmid to teder amplification inhibition (Li et al.,
2019). MST analyses were performed at the USEPAeCéor Environmental
Measurement and Modeling (Cincinnati, OH) on thelgu Biosystems QuantStudio 3
Real-Time PCR System (Thermo Fisher Scientific,t¥ah, MA). Information on
primers, probes and thermal cycling settings foM&T markers are summarized in
Table A.2 andTable A.3. All reactions were performed in triplicate. Seplicate
reactions of no template control (NTC) were incldide every MST qPCR instrument
run to screen for potential contamination. The M&arker concentrations were
estimated using data acceptance metrics previaesgribed in Shanks et al., 2016.
Briefly, data acceptance metrics included usingtiple IAC procedures for human-
associated genetic markers in order to check qRQ#tifecation inhibition. Poor DNA
recovery from water sample filters was monitoredri®ans of a sample processing
control (SPC) protocol using Sketa22 assay as itbescin Li et al., 2019. However, we
made one modification: the Sketa22 qPCR SPC peofay acceptance threshold was
changed te< 0.71 quantification cycle (Cq) standard deviatiatiner thar<.0.62 Cq in
order to include data from all instrument runs. Tower limit of quantification (LLOQ)
threshold for each MST assay was defined as therdpgund of the 95% credible
interval corresponding to the respective masterdsted curve model at 10
copies/reaction. Each standard curve includeddsdfd reactions of serially diluted
plasmid standards in the following range of conceitns: 16, 1¢, 1¢°, 10 and 16
copies/reaction. Standard curves generated fronmdependent instrument runs were

used to calculate master calibration models foh ¢est-associated gPCR assay. The

11
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2.6.

2.7.

master calibration curves and estimates of sangrieemtration were determined using a
Bayesian Monte Carlo Markov Chain approach thatriparates within and between run

variability (Sivaganesan et al., 2008).

Precipitation data

Precipitation data were downloaded from the Nalideather Service (Midway
Airport, Station 14819) and applied to all beacfvésich are between 16-27 km from
the weather station). Based on the hourly rainfatl, the total precipitation amount
(mm) during the 24 hours preceding sample collectvas calculated, assuming each
sample was taken at 8:00 a.m. every day. For asgdabe effect of precipitation,
samples were categorized into three categories:imtetmediate and dry weather
samples. Two or more millimeter of rainfall withime 24-hours prior to sample
collection was classified as “wet” weather. Raihfietween 0-2 mm in preceding 24
hours of sample collection was categorized as rimggliate” weather. Finally, no

precipitation in prior 24 hours of sample collentiwas categorized as “dry” weather.

Reference fecal sample analysis

In order to verify host-association of genetic nemskin reference samples from the
Chicago area, dog (N=21), gull (N=5) and goose (Nebal samples were collected as
previously described (Shanks et al., 2010). Prinefftyent sewage sample from a local
wastewater treatment plant (N=1) that uses secgridgatment but no disinfection was
used as a surrogate for human fecal referencearlatdized concentration (1
ng/reaction) was tested in triplicates for eachgarand assay combination as
previously reported (Kelty et al., 2012). Referesample DNA extractions were

12
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2.8.

performed using a DNA-EZ RWO02 kit (GeneRite, LLGyrth Brunswick, NJ)
according to the manufacturer’s instructions asipresly described (Green et al., 2014;

Kelty et al., 2012).

Data analysis

Data analyses were conducted using SAS softward/fiodows, version 9.4 (SAS
Institute, Cary, NC) unless noted otherwise. FehddST qPCR assay, sample results
were categorized as non-detect (ND) and detectTBg.detect results were further
characterized as detect but non-quantifiable (DNQuantifiable (Q). ND for a given
assay was defined as two or more Cq values (antwag triplicates) were not detected
after 40 cycles of amplification. A DNQ occurredavhtwo or more replicate reactions
had Cq values <LLOQ. If all replicate reactions lGxfvalues< LLOQ were

categorized as Q. Quantifiable MST results werentepl as log, copies per reaction.
Descriptive statistics of the MST results were swanpeed as percentage of ND, DNQ
and Q for each MST marker tested. The normalitgistiibution of turbidity, cEC, and
gENT results were determined by Kolmogorov-Smirtests. Since none of those
measures were normally distributed, data werg lwgnsformed. All results and
relationships were considered significant at alfpf)a<0.05.

Logistic regression assessed the relationship leetiree D versus ND of the MST
markers in selected sample filters with the genéfalconcentrations (expressed as
logio E. coliMPN/100 mL and log enterococci CCE/100 mL). Additionally, agreement
between exceedance of BAVs (CEC or gENT) and deteocf MST markers were
characterized using Cohen’s Kappa statistic whadoants for the expected agreement

due to chance alone. The Kappa statistic for ageaemere interpreted as following: 0—

13
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0.20, none; 0.21-0.39, minimal; 0.40-0.59, weak00.79, moderate; 0.80-0.89,
strong;>0.90, near perfect (McHugh, 2012).

A gqPCR censored-data method as described in Calg 2018 was utilized to generate
weighted-average fecal scores (gopies per 100 mL) from a series of samples
grouped by either FIB BAV definition or cumulatipeecipitation 24 hours prior to
sampling for each eligible MST marker and beachldoation. Briefly, prior to
calculating a weighted-average fecal score, thenn@pof the MST markers for each
sample (no amplification was set to 40 Cq) wasstli@sl into two groups: a range of
quantification (ROQ) group if mean MST Gd_.LOQ or an MST MPN group (if
respective mean MST Cq > LLOQ). After the samplesexclassified into either the
ROQ group or the MST MPN group, weighted-averagalfecores (which utilizes all
data, including non-detects) for each MST assays waculated as described
elsewhere (Cao et al., 2018). The weighted-avefiegg scores for the MST assays can
be considered as an estimate of the level of femalamination from a particular source
(dog, bird or human) present at a given FIB BAVuging or precipitation category
based on the average concentration of the soue@fispgene observed in all the water
samples in the study. For BAV grouping, we evaldat@ether fecal scores differed
among ordinal categories of FIB concentrations:uprb: FIB <10% percent of the
BAV, Group 2: FIB> 10% of the BAV to FIB < BAV, and Group 3: FIBBAV. These
comparisons were made for each FIB BAV definititor CEC BAV= 235 MPN/

100mL and for gENT BAV= 1000 CC-E/ 100mL). For gptation grouping, fecal
scores were determined based on two categoriagding: Group 1> 2 mm cumulative

rainfall in past 24 hours (wet) and Group 2: Nocipiation in past 24 hours (dry).

14



294 Since there was only one “intermediate” weatherwldly 1.02 mm of rainfall in the

295 past 24 hours, it was combined with “dry” weathay or analysis purposes. Only

296 sample groupings composed>10 samples with a minimum of at least one sample i
297 the ROQ group and at least one D across all MST MRNp samples were eligible for
298 fecal score determination.

299 For categorical data analyses, such as the assoctween the D/ND of MST

300 markers in samples collected under dry and wethveeathi-square tests were

301 performed, generating odds ratios (OR). Finallylgses of association were also

302 conducted for the dataset overall, stratified lcypitation category. Evaluation of

303 modification of general FIB BAV exceedance and M8arker presence stratified by
304 weather conditions were performed using CochrantMdtiaenszel (CMH) tests

305 (weather-condition specific ORs and interactiomie).

3063. Results:

307 3.1. Data quality

308 All quality control (QC) requirements for the USERAFethod 1609.1 were met or
309 exceeded. The linearity of the standard curvegiiderococci and all the five MST
310 markers tested was high{R 0.991 for all assays). Amplification efficiensitor MST
311 assays ranged from 92.3% to 96.5% and LLOQ vakeged from 35.09 to 37.35 Cq
312 based on repeated measures from six instrument @atibration model performance
313 parameter information from the pooled standard esifer individual assays are

15
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3.2.

3.3.

summarized iMable A.4. Out of the 780 NTC and MeB total reactions, 99\séte
DNA-free (N = 4 false positives) suggesting miniB&A contaminationTable A.5).

A total of 71 sets of enterococci calibrator samaf@sitive controls) were analyzed
throughout the 2016 beach season for enteroco€tiRgPrecision was high based on
the low coefficients of variation (CV) for the SR@d for the enterococci calibrator cells
(Table A.6). No amplification inhibition was observed in amiythe 195 archived filters’

DNA extracts Table A.7).

Refer ence fecal sampleresults

Human-associated (HF183/BacR287 and HumM2) gener&ers were detected in all
replicates of the sewage sample but were not @etéictany dog or goose fecal samples.
Bird-associated (GFD) genetic marker was detecté&f?6 of goose sample reactions,
with no false positives observed in dog fecal avasge samples. Poor DNA recovery
from gull fecal samples prevented the testing o&loeference samples for the GFD
marker, though previous studies report the presehttee GFD marker in 90% to 100%
of gull fecal samples from the US Midwest regiondéh et al., 2012). Dog-associated
genetic markers were detected in 41.3% (DG3) t8%gDG37) of the reactions of dog
fecal samples, with no false positives observegbimse samples. Both DG3 (66.7%)

and DG37 (33.3%) were detected in the primary effttsample reactions.

M ST resultsand their associations with general FIB measures

Among the 195 samples, 95 (48.7%) were in theivelgthigh gENT category (QENT

CCE >320/100mL), 42 samples (21.5 %) had high atEC(MPN>160/100mL) but

16
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354
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357

low gENT (gENT CCE <320/100mL), and 58 samples{28.had both cEC <160
MPN/100mL and gENT<320 CCE/100mL. The MST markdeded most frequently
was GFD (bird), in 40% of samples. Dog marker (D@a} detected in 14% of
samples, while human marker (HF183/BacR287) wasctied in 10% of samples
(Table 1). Host-associated genetic markers were in thetdizdote (Q) range in 4%
(n=8) of samples for HF183/BacR287, 1% (n=3) fonHl2, 6% (n=12) for DG3, 2%
(n=4) for DG37 and 23% (n=45) of samples for GFakg the human markers,
HF183/BacR287 was detected more frequently, thaugho samples HumM2 was
detected when HF183/BacR287 was not. Considerabiability was observed in
marker detection by beachdble 1). The human markers were detected at six of the
seven beaches and they were detected and qudetidialben different sampling dates,
with no more than one of the seven beaches testisigive on any single day. The dog
marker, DG3, was quantifiable exclusively at onadbe Montrose (MN), which is the
only beach with a designated “dog beach” area, &vlegs are allowed at the beach and
into the water. At that beach, mean concentratdi3G3 and DG37 among
guantifiable samples ranged from 1.3 to 2.4Jagpies per reaction and 1.1 to 1.4:kpg
copies per reaction respectively.

Detection of the two human markers and the dog erafkxG37, were not frequent
enough to model by beach. Beach-specific logigiirgssion models demonstrated that
general FIB concentrations (on a{ggcale) predicted the presence of avian (GFD) and
dog (DG3) markergT able 2). The odds of detecting the GFD marker more tharbbkd
for a logo increase in the concentrations of enterococci U (95% CI) =2.3 (1.5,

3.4)] andE. coliMPN [OR (95% CI) =2.2 (1.5, 3.3)]. The odds ofetzing the DG3
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3.4.

marker also increased with lggoncentrations of enterococci CCE [OR (95% CIB=2.
(1.3, 4.1)]. Beach-specific regression analysisngtbthat the relationships between
general FIB and the odds of MST marker detectiatedeby beach. Both Iqg
concentrations of gENT and cEC results showed amagsociations with MST marker
presenceTable 2), with one notable exception: at one beach, MN, GFI3 strongly
associated with gENT but not with cEC [OR (95% €B2.9 (2.5- >999) and 4.8 (0.6-
36.2), respectively]. After accounting for chanéena, the agreement between DG3
detection and gENT BAV exceedance was minimal (kaip22); for all other
combinations of maker detection and FIB BAV excewaa(either gENT or cEC), there
was no agreement beyond what would be expectetbdireance alone (Kappa <0.2).
Associations between water turbidity and MST madetection did not reach statistical

significance, and are summarized in SupplementdoriationTable A.8.

Beach-specific weighted-aver age fecal scoresand FIB levels

Weighted-average fecal scores with 95% Bayesiafidarce interval (BCI) for each
marker by beach, and by general FIB BAV exceedaategory (enterococci gPCR
BAV exceedance an. coli culture BAV exceedance) are presentediable A.9 and
Table A.10. While variability of fecal scores for a given rkar was relatively small
among beaches, the mean scores differed subshaatiabng markers, with much
higher scores for GFD than the other MST markerseiception to this is the very high
weighted-average fecal score for DG3 at the beattham area for dogs to swim (MN).
The weighted-average fecal scores for some MST enaskere much higher on beach-

days when the gENT BAV was exceeded relative tealbemys when the gENT values
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3.5.

was <10% of the BAV. Weighted-average fecal scorédFD was 8.4 times higher and
for DG3 was 4.2 times higher in samples that exegede gENT BAV compared to
samples that were <10% of gENT BAV as showfiigure 1. A similar pattern was
observed in samples that exceedediheoli culture-based BAV compared to samples
< 10% of the cEC BAV. For GFD the weighted-avertagal scores were 9 times higher
and for DG3 3.5 times higher as seelfrigure 2. However, weighted- average fecal
scores for GFD for the intermediate category of ¢e€&ween 10% of the BAV and the
BAV) were considerably higher than the low and Higlcoli groups. In contrast, both
human-associated marker average concentrationsnwedbfferent, regardless of
general FIB BAV sample groupingsi@ure 1Error! Reference source not fourashd

Figure2).

Precipitation and MST markers

Generally, log odds associations were not suggéstadeen MST marker detection and
wet weatherTable 3). An association between detection of DG3 andwestther was
suggested by the odds ratio of 2.20, but did rethestatistical significance at the 0.05
level, as evidenced by the fact that the 95% cenfié interval (0.94, 5.18) includes 1.0.
This association was driven by beaches withoutategs [OR (95% CI) =4.42 (0.48,
40.37)]; at the beach with a dog area, the oddetd#cting DG3 were comparable in wet
and dry weather [OR (95% CI) =1.75 (0.28, 10.8TI}le weighted-average fecal scores
of MST markers differed in dry and wet weath€alfle 4). Weighted-average fecal
scores for HumM2, could not be calculated for dédfe weather conditions as that

marker was only detected in dry weather. DG3 (degphted-average fecal scores were
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2.4 times higher, DG37 (dog) were 2.1 times and @htdl) were 1.6 times higher in
wet weather samples compared to dry weather sarfipdbse 4). Conversely, overall
HF183/BacR287 (human) concentrations were slighitiier in samples during dry
weather than wet weather, though this marker weectkdl much less frequently than
the bird or dog markers.

Beach-specific DG3 fecal scores were very higthatiteach with an area for dogs to
swim, with weighted-average fecal scores 1.9 timgker in wet weather than dry
weather. The beach-specific GFD values and theo@ations with precipitation also
varied among beaches. Weighted-average fecal se@res3.8 to 1.2 times higher
during wet weather when compared to dry weathsixatf the beaches, while 63
Street (ST) beach samples showed an inverse péitabohe 4). The two beaches that
had eligible data for beach-specific HF183/BacR2@ighted-average fecal scores
Montrose (MN) and Ohio Street (OS) suggest verietgiht associations with
precipitation. HF183/BacR287 concentrations in weather samples from MN were 4
times higher than in dry weather samples, witkelittverlap in the Bayesian confidence
interval (BCls). HF183/BacR287 concentrations imgkes from OS were comparable

in wet and dry weather conditions.

Precipitation as a modifier of associations between general FIB BAV exceedances

and MST markers

Associations between general FIB BAV exceedancddvBT marker presence varied
by weather conditionsT@ble5). In wet weather conditions, the odds of DG3 pnese

and (separately) GFD presence were higher when qEAM was exceededl@ble 5).
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However, this was not the case with cEC BAV excaedsa. Under dry weather
conditions the detection of HumM2 was positivelg@sated with exceedance of cEC

BAV but not with exceedance of gENT BAV.

Discussion:

Water samples collected several times per week §@ven urban Lake Michigan
beaches thought to be free of discharges from wasee treatment plants or combined sewer
overflows identified evidence of human fecal paduatsporadically, without any clear spatial or
temporal patterns. Evidence of bird fecal pollutweels common, and evidence of dog fecal
pollution was common at the one location with agdmeach, and rare elsewhere. On wet
weather days, an increased odds of dog (DG3) madekection was suggestetaple 3), but not
human or avian makers. Dog and bird MST markemeggd concentrations (weighted-average
fecal scores) were increased approximately 3- afudid? respectively Table 4). Exceedance of
general FIB BAVs increased the odds of dog and miagker detection; for human markers this
reached borderline statistical significance.

Associations between MST marker detection and xheerlance of BAVs differed in wet
and dry weather. Dog marker (DG3) was 5.7 timdgkaky to be present with gENT BAV
exceedance in wet weather; there was no incredsdithdod of detecting this marker with BAV
exceedances in dry weather. Similar observatione weted for avian and human markers,
though only in relation to exceedance of the gEMIVEand not for the cEC BAV.

Human markers, HF183/BacR287 and HumM2, were dedant10 and 4% of samples,
respectivelyThis is lower than rates of detecting these marke?2s330 samples from point-
source impacted marine and freshwater beachesielh Wie NEEAR study was conducted (28%

and 10%, respectively) (Napier et al., 2017), avaer than rates of detection at a marine beach
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in Southern California (Riedel et al., 2015) thatynmave been impacted by domestic and other
septic systems. The lower rate of human markerctetein Chicago is consistent with
expectations based on the absence of point-soncteeptic system discharges in Chicago. The
HF183/BacR287 marker detection frequency was gréade that observed at Great Lakes
beaches in Indiana that were not down-current citeveater treatment discharge (5/448
samples, or 1.1%), but comparable to that at atbefech was down-current of a canal that
released treated wastewater into the Lake (15/113.8%). (Nevers et al., 2018). The sources
of human fecal pollution at Chicago’s beaches ateknown, but might include bathers
themselves, dirty diapers, and illicit dischargesrf boats. The fact that wet weather was not
associated with human fecal marker detecticab(e 3) suggests that sewer overflows or
stormwater discharges are unlikely the problemust be noted that methods were not
standardized across laboratories in the studied aibove. As a result, subtle differences in
detection rates should not be assumed to be mdahing

In 43% of water samples at the beach with an adjddeg beach”, DG3 was in the
guantifiable range, while none of the 167 sampiesfother beaches were. This suggests that
the beach management practice of banning dogstieanhes may be effective at preventing
dog fecal pollution in nearshore waters. This obsgrate of dog marker detection at beaches
without dog areas is lower than that observed aaArakes beaches in Toronto impacted by
riverine flow (Staley & Edge, 2016).

The marker for avian fecal pollution was by far tree most commonly detected (40% of
samples) and most widely found across beaches.ighisnilar to findings at other Great Lakes
beaches (Converse et al., 2012; Haack et al., 208&rs et al., 2018). Given that strategies to

reduce avian populations at bathing beaches hasfok@wved by reductions in general FIB and
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avian marker detection rates (Converse et al., 28b2dwin et al., 2016; Haack et al., 2013;
Nevers et al., 2018). Efforts to protect naturdliteas of birds, while making constructed,
intensively managed urban beaches less hospitaliem, would be expected to be reduce bird
fecal pollution at Chicago’s bathing beaches.

The logo general FIB concentrations increased the odds=@ @arker and (separately)
of DG3 marker detection by about two-fold, howevkis was beach-specifid éble 2). This,
may be due to local spatial factors, such as embayof some locations that have been shown
to impact general FIB levels (Whitman & Nevers, @)@ oncentrations of human-associated
markers were similar across categories of BAV edagee frequency-{gures 1 and2). The
detection of HumM2 suggested an increased odd RBTQEAV exceedance in wet weather
samples [OR (95% CI) = 19.87 (0.92, 430.95)]; th&s not the case with cEC BAV exceedance.

The role of precipitation on BAV exceedance andost-associated marker presence is
important in developing strategies to improve watgality. We found that precipitation is
associated with an approximate doubling of the aldkg marker presence, and a 1.9-fold
increase in the dog fecal score at the “dog beaktteaches overall, no association between
precipitation and avian marker presence was obderawever, a 4-fold increase in the avian
marker was observed at one beach (CL) with prextipit, pointing to an opportunity to develop
targeted efforts to reduce bird presence or stastdf rainwater across the beach to the
nearshore area. The fact that the strong assatiadéitveen dog, avian, and human marker
presence and qENT BAV exceedance were limited toneather suggests that engineering
solutions to reduce flow across or near beachesglss investigations to identify

unrecognized outfalls, may reduce general FIB BAWeedance frequency.
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Two different general FIB, gENT and cEC, were meadwand the associations between
the general FIB and MST as well as the associatietween the general FIB and precipitation
were comparable. Exceptions include the monotorieiase in GFD weighted-average fecal
score across ordinal categories of qERigyre 1 and2), which was not observed with ceC
(though the GFD weighted-average fecal scores aleegly higher on days that cEC was greater
than 10% of the BAV vs. <10% of the BAV). Assootets between gENT BAV exceedance and
host-associated marker detection seemed much rependent on precipitation status than those
between cEC-BAV exceedance and host marker deteco the other hand, in dry weather, the
human marker HumM2 was strongly associated witleeagance of cEC BAV, but not with
exceedance of gENT BAV. If this is observed in othettings, human MST markers specific for
wet weather and dry weather pollutant sources niightlentified. Others have shown that the
bacterial DNA targets of gPCR assays persist lomgesater environments than do culturable
bacteria themselves (Anderson et al., 2005; Koragkial., 2014; Yamahara et al, 201I)is
may explain the observation that in wet weathet (lot dry weather), the association between
gENT and MST marker detection was stronger tharasiseciation between ceC and MST
marker detection (runoff from shore may add MSGess and non-viable enterococci to a
greater extent than any addition of culturdbleolito nearshore waters).

The present study points to several potential bisneffincorporating MST testing in the
context of monitoring beaches not thought to beaiatgd by human fecal pollution. First, human
fecal pollution presence appears to occur sporbygliceth temporally and spatially. This would
not be known if a small number of samples had lediacted; thus, sampling strategies for
human source markers at non-point source impad siiould be comprehensive. Likewise, the

ability to characterize source presence and weilgaterage fecal score in relation to
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precipitation could only have occurred with regidampling over several months. Our
observations regarding widespread avian markeepoesand the localized presence of dog
markers are entirely consistent with visual insjpest of beaches. This supports the role of
sanitary surveys in identifying fixed and variabtaurces of fecal pollution at beaches. Presently,
MST testing of archived samples collected overcigrse of a beach season may be most useful
as an adjunct to the annual sanitary survey; res-testing may be more useful for promptly
investigating and potentially mitigating sourcedeafal pollution that were not apparent on
visual inspections of beaches. Because the presaht was conducted over a single summer,
the additional benefit of routine testing over nplé seasons is not known. Further research that
would assess human health risk in relation to tkegnce, concentrations and weighted-average
fecal scores of host-associated markers will hiefaidight on the health risk information

contained in MST data.

Conclusions:

* Non-human fecal pollution sources including dogd hinds may influence recreational
water quality at Chicago beaches. Corrective watmagement actions targeting canine
and avian non-point fecal pollution sources mapéleful in improving water quality at
these non-point source impacted beaches.

* Infrequent detection and low concentrations of hurfiegal markers in the samples tested
indicate that human waste generally does not canamChicago beaches, likely due to
the effectiveness of Chicago’s engineered systewastewater and stormwater drainage
infrastructure which protects Lake Michigan fronbam discharges.

» The role of precipitation on BAV exceedance andost-associated marker presence is

important in developing strategies to improve wagality. This information may be
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critical for remediation and management of recozeti waters for better public health
protection.

* MST findings coupled with precipitation informatiean provide a better picture of
different sources of fecal pollution and their pedlys.

» Finally, our study highlights various benefits n€orporating MST testing in the context
of monitoring beaches not thought to be impactetiloypan fecal pollution.
Simultaneous use of precipitation data, MST resauts general FIB used for routine
beach monitoring and notification may be usefulrianediation and management of

recreational waters to better heath protectioneaichgoers.
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DG3 DG37 GFD HF183/BacR287 HumM2
N (%) N (%) N (%) N (%) N (%)
Beach| N
ND DNQ Q ND DNQ Q ND DNQ & Q ND | DNQ| Q ND | DNQ| Q
MN 28 6 10 12 22 3 3 15 5 8 22 3 3 25 2 1
(21) 36) | (43| (v8 | (11) (A1) ) (33 | (18 (29 | (8 | (1Y)  AY | @B | (0 | D
oS 30 29 1 0 29 0 1 19 6 5 25 3 2 29 0 1
97 ) © | (97 (0) R |63 (20 @A) @B) | (10 | () | O | ©O | O
TS 29 22 0 0 22 0 0 11 8 3 21 0 1 22 0 0
(100) (0) (0) || (200) | (0) ©) | (50) | (36) (14 | (95 | O | (B | (100) | (O) | (0
MB 28 26 2 0 28 0 0 16 5 7 28 0 0 28 0 0
(93) (1) (0) | (100) | (0) O | (57) | (18) | (25) | (100) | (©) | (O) | (200) | (O) | (0O
ST 31 30 1 0 31 0 0 18 4 9 30 1 0 29 1 1
(97) ©) (0) | (100) | (0) © | G8 | (13 [ (2| O | G | O | O | O | 3
RB o7 26 1 0 27 0 0 20 4 3 26 1 0 27 0 0
(96) (4) (0) | (200) | (0) © () (15 (A1 ) (96) | 4 | (O | (200 | (O | (0
CL 29 29 0 0 29 0 0 17 2 10 24 3 2 27 2 0
(100) (0) (0) || (100) | (0) © 1G9 (M G4 @) |20 | (| 93 (1 | (©
All 195 168 15 12 188 3 4 116 | 34 45 176 11 8 187 5 3
Sites (86) (8) 6) | (96) (2 (2 1 (60) | (17) [ (23) | (90) | 6) A | 96 | ) | (1)

Note: ND = Non-detect.; DNQ = Detect but not quantifiable; Q = Quantifiable.
Table 1: Results of MST gPCR analysis, by beach (N€5)




General FIB- gENT

General FIB- cEC

Beach T GFD-OR (95 % CI) | DG3-OR (95 % Cl) | N | GED-OR (95 % Cl) | DG3-OR (95 % CI)
MN 28 | 92.9* (2.5- >999) 2.4(0.7-85) 22 4.8 (0.6-36.2) 0.4 (0.03-3.9)
0S | 30 2.8 (1.2-6.7) 8.7 (0.1-866.4) 26 7.7 (1.5-40.4) 7.8 (0.4-159.6)
TS 22 2.7 (0.7-10.5) NA 19 2.7(0.8-9.7) NA
MB 28 1.2 (0.5-2.9) 3.0 (0.3-28.4) 24 2.6 (0.95-7.2) 2.4(0.4-16.6)
ST 31 1.4 (0.5-4.3) 0.5 (0.03-8.6) 27 1.6 (0.4-6.5) 1.7 (0.03-86.9)
RB 27 1.3 (0.4-4.3) 0.2 (0.01-3.5) 26 1.3(0.5-35) NA
CL 29 49" (1.1-22.9) NA 26 4.7* (1.0-20.8) NA

All Sites | 195 2.3* (1.5-3.4) 2.3* (1.3-4.1) 17¢  2.2* (15-3.3) 1.98* (1.1-3.6)

* Statigtically significant (p<0.05).
Note: FIB = Fecal Indicator Bacteria; gENT= Enterococci qPCR; cEC= E. coli culture; OR = Odds Ratio; Cl = Confidence Interval; NA = Not Applicable.
Table 2: Logistic regression: Association between BIT presence and log FIB concentrations

Detect N (%) Non-Detect N (%)
MST Marker Dry weather | Wet weather | Dry weather | Wet weather OR (95% Cl)
DG3 9 (33 18 (67) 88 (52) 80 (48) 2.20 (0.94, 5.18)
DG37 2 (29 5(71) 95 (51) 93 (49) 2.55 (0.48, 13.49)
GFD 37 (47) 42 (53) 60 (52) 56 (48) 1.22 (0.69, 2.16)
HF183/BacR287 11 (58) 8 (42 86 (49) 90 (51) 0.70 (0.27, 1.81)
HumM2 6 (75) 2 (25) 91 (49) 96 (51) 0.32 (0.06, 1.61)

Note: OR = Odds Ratio (odds of detection under wet versus dry conditions); Cl = Confidence Interval.
Table 3: Detection of MST markers under different weather conditions (N=195)



Beach

Weather

N

gENT BAV Exceedance

Weighted-Average Fecal Score in copies/ 100 mL (96 BCI)

N (%) DG3 DG37 GFD HF183/ BacR287
VN Dry | 11 2(7.1) 204.7 (145.2-321) NA 61.81 (36.05-82.92) | 6.15 (0.93-15.63)
Wet | 17 7 (25.0) 385.5 (274.1-505.3) NA 73.17 (44.79-101.3) | 24.68 (13.07-39.35)
oS Dry | 17 4(13.3) NA NA 25.33 (15.84-33.32) | 10.97 (4.74-19.76)
Wet | 13 2(6.7) NA NA 4314 (14.92-82.27) | 6.92 (1.67-15.62)
TS Dry | 8 0(0.0) NA NA NA NA
Wet | 14 1(4.6) NA NA NA NA
VB Dry | 13 4(14.3) NA NA 42.25 (23.81-59.19) NA
Wet | 15 4(14.3) NA NA 94.66 (52.44-141.1) NA
ST Dry | 17 3(9.7) NA NA 74.80 (40.24-117.7) NA
Wet | 14 4(12.9) NA NA 58.56 (32.93-84.67) NA
=B Dry | 17 2 (7.4) NA NA 25.52 (14.50-38.05) NA
Wet | 10 2 (7.4) NA NA 30.85 (12.85-53.35) NA
oL Dry | 14 1(3.5) NA NA 30.65 (10.18-59.50) NA
Wet | 15 1(35) NA NA 116.2 (68.88-163.5) NA
Al Dry | 97 16 (8.2) 4.71 (2.86-6.99) | 0.95 (0.31-1.95] 39.53 (31.61-48.40, 6.11 (4.02-8.68)
Wet | 98 21 (10.8) 11.37 (8.17-15.06) 1.95 (0.91-3.38) 63.89 (51.30-77.56| 4.95 (3.16-7.12)

Note: BAV = Beach Action Vaue; BCl = Bayesian Confidence Interval; gENT= Enterococci gPCR; NA = Not Applicable.
Table 4: Beach-specific enterococci gPCR BAV exceaadce under different weather conditions and weight-average fecal
scores with 95% BCI for the MST assays (N=195)




Exceedance of gENT BAV
OR (95% CI)

Exceedance of cEC BAV
OR (95% CI)

Wet Dry M-H adjusted | p-valuet Wet Dry M-H adjusted | p- valuet
567 151 368 275 3.86 312

DG3 (187-17.18) | (0.20-804) | (1.52- 8.89) 020 | (080943 | (0851760) | (119-815 | O3
6.25 0.96% 3.29 8 30" 0.65¢ 553

DG37 (0.97-4022) | (0.04-21.02) | (069-1570) | °%® | (04416071) | (0031645 | (0.47-64.68) | OO
3.50 179 257 150 234 183

GFD (126-970) | (061-528) | (124-535) | 232 | (©097.346) | (091-605 | (097-346) | 9
4.29 0.19% 119 6.83 170 2.96

HF183/BacR287| 98 1892) | (0.01-332) | (037-379) | O | (0805805 | (0.42-6.95) 09889 | O0%

i 19.87* 101 3.05 008 4.46¢ 12.05 15.44 0.9

(0.92-430.95) | (0.11-931) | (0.67- 13.90) : (0.21-9566) | (1.33-109.13) | (165 14478) | ©

Note: * 0.5 was added to al cells to calculate this OR because of azero cell inthe MST marker detection and preci pitation 2x2 table; T p-value for the interaction term
gENT= Enterococci gPCR; cEC= E. coli culture; BAV= Beach Action Value; OR= Odds Ratio; M-H: Mantel-Haenszdl.

Table 5: Association between BAV exceedance and M3arker detection stratified by weather condition
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Figure 1: Weighted-aver age fecal scoresfor M ST markersfor low, intermediate and high enterococci CCE levels
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Figure 2: Weighted-aver age fecal scoresfor M ST markersfor low, intermediate and high E. coli MPN level



Highlights
» Exceedance of BAVsisassociated with higher odds of dog and bird marker detection.
» Dog markers were more likely to be detected following precipitation.
» MST findings coupled with precipitation information can guide beach management.

* MST can provide actionable information as a supplement to routine beach monitoring.
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