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Introduction

- Water resources across the nation are regularly contaminated by
unacceptably high levels of fecal indicator bacteria (FIB) that exceed
EPA water quality criteria levels.

- Office of Research and Development
NERL Ecosystems Research Division



[ o)
i"IEPA National Summary of Water Quality Assessments

United States

Environmental Protection http://ofmpub.epa.gov/waters10/attains_nation_cy.control

Agency

\WHIES

Cause of Impairment  Threatened or
Group Impaired

Assessed Rivers and Streams

Pathogens | 187872
|r\-.|:...-,\....; | 138874
118831
m Good Escherichia Coli (E. Coli) 110,964 98037
S Fecal Coliform 55,099 94488
= Enterococcus Bacteria 11,213

Bacteria 7,107 94384

Pathogens 5,524

Total Coliform 5,399
Indicator Bacteria 3,820 ﬂ

Fecal Bacteria 108

Bacterial Slimes 25 79554
. Vi E i —
Total miles assessed 1,110,961 e Enero ’ 63019
oliforms —— —— =
Turbidity | 47750
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- Pathogens # indicators
- No source information

- Increased economic burden

Problems

Cost of Chesapeake Bay TMDL for Virginia

Projected Total
Cost
($ in billions)

Wastewater $1.4
(including

Potential
Who Pays State Costs Potential Sources
($in of Funding
billions

- Increased health risk e

NEED: Develop
Microbial Risk
Assessment
Tools

Agriculture $1.2+

Stormwater $9.4 to $11.5
(including
VDOT)

Onsite/ $1.6

Septic

Systems

Bay TMDL $13.6 to $15.7

Total

State $0.3 (plus WQIF, State GF,
Govt./Local  $78 million Bonds /Local GF,
Govt./Rate- for CS0Os7?) Bonds/Tax
payers Assessments,

State Govt./
Farmers

Local Govt./
Property
Owners/
VDOT

Property
Owners

50.8+

$2.1 (VDOT
Share)

Unknown
What Role
State May
Play

Sewer Rates

WQIF, State GF/
Agribusinesses

Local GF,
Bonds/Utility Fees,
Assessments/
Transportation Trust
Fund

“‘Betterment loans”,
Potential for Tax
Credits or Grants

From Senate Finance Committee Report Nov 18, 2011

Understand the risk of
exposure to
waterborne
pathogens

Information may help
states and
stakeholders prioritize
use of resources




SEPA 2012/2017 RWQC Revision

Environmental Protetion More tools for assessing and managing
recreational waters

Rapid qPCR Assays

e Enterococcus gPCR technique (EPA Method
1611), Beach CLOSED

* use of gPCR on a site-specific basis for sl msanmn
monitoring.

3 Serious iliness
can result
if you swim

Microbial Source Tracking (MST): .

* allows development of alternative site-specific \
criteria and identifies opportunities for source
remediation.

Predictive models

» offer states, territories, and tribes the potential for
same-day notification and public health protection

* considerably lower capital investment and unit
costs.

- Office of Research and Development 4
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1611),

* use of gPCR on a site-specific basis for
monitoring.

Microbial Source Tracking (MST): v

* allows development of alternative site-specific Q&
criteria and identifies opportunities for source
remediation.

Predictive models

» offer states, territories, and tribes the potential for
same-day notification and public health protection
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. Culture vs. Real Time PCR Based
- Fecal Indicator Bacteria Measurements
| to Determine Beach Water Quality

Filter Filter
, — -A-\ Water Sample Water Sample

Pathogen (Virus .
Parasite, or Bacteria) SOl Ny
# @ Indicator on Filter Membranes from Filter
(Fecal Bacteria) Count Indicator Colonieson  Amplify & Quantify Indicator DNA
v _ Filter to Determine Water Quality by PCR to Determine Water Quality

24 Hours 2-6 Hours l

2012
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gPCR Enterococci - better predictor of iliness

e FEnterococcus spp. = 0.18 Predicted probability
. 3 0.16 95% Cl
measured by qPCR is =
Ly Q01
more predictive of 23
=
swimming-associated =~ 2= 0%
LR ds)
health effects. G ol
=
 Results are more S 0
timely than 0.06 berree————————
.y - 10 100 1,000
traditional methods Daily geometric mean of
used for culturing Enterococcus QPCRCE
ba Cte rl a I | N d |Cat0 rS . Predicted probabilities of Gl iliness as a function of Enterococcus QPCRCE,

predicted from the logistic regression model, adjusted for age and beach.

Wade et al., 2006

- Office of Research and Development E
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SEPA 2012/2017 RWQC Revision
comeeacin—— [\lOre tools for assessing and managing

recreational waters
Rapid qPCR Assays
* Enterococcus gPCR technique (EPA Method

1611),
e use of gPCR on a site-specific basis for

monitoring.
Microbial Source Tracking (MST):

* allows development of alternative site-specific
criteria and identifies opportunities for source

remediation.

Predictive models
» offer states, territories, and tribes the potential for

same-day notification and public health protection
e considerably lower capital investment and unit

costs.
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HUMAN
WASTE
produced in
U.S. annually,
dry weight

MANURE
produced by

farm animals in
U.S. annually,
dry weight

FROM NEWSWEEK MAGAZINE 12/8/15

« Animal feeding operations (CAFOS, AFOs, feedlots
produce > 335 million tons of manure/yr.
 Humans produce ~ 7 million tons of feces/yr (or

.3.9.%,10% kglyr) |
- Office OFReS®arch and DeYelopmen https://www.ars.usda.gov/ARSUserFiles/np206/NP206FY2005AnnualRepor
NERL Ecosystems Research Division Lpdf

Berendes et al., 2018


https://www.newsweek.com/2015/12/18/issue.html
https://www.ars.usda.gov/ARSUserFiles/np206/NP206FY2005AnnualReport.pdf
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MST Definition

Microbial source tracking (MST) refers to
methodology designed to determine
sources of fecal pollution in environmental
waters by relating fecal microorganisms
with an associated host.

Office of Research and Development
NERL Ecosystems Research Division
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Microbial
Source
Tracking

. OPEN - ; \ \ CLOSED

This beach Iis open
for swimming and
water contact activities

From Stewart et al., 2013

MST tools can be applied for:
* Development of Total Maximum Daily Loads (TMDL)
 Evaluation of the effectiveness of best management practices.

- Office of Research and Development
NERL Ecosystems Research Division
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Source

Microbial
Measure

Enteric
Pathogen

Information
Derived

Health

Risk
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Potential sources a

bacteria & viruses

Q@

Compare results

Build hbrary
based on
_
Isolate and gr S

%

Waste goes into rivers,
lakes, streams and ground-
water

- | Collect sample of water

Extract DNA

Use DNA to identify
species specific
to sources

Look for genelic
markers specific to
source

Office of Research and Development
NERL Ecosystems Research Division
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-dit View Window Help

ne Tools technical_manuscri... Boehn 2013 MST m... MST table.pdf X

E B O\ T /1 h @ @ @ 106% ﬁ- ‘%‘ E

6824 WATER RESEARCH 47 (2013) 6812—6828

Table 5 — Performance of quantitative MST assays normalized by CFU ENT. The number and percent of non-target samples
measuring copies per CFU in the range measured in target samples is provided in column labeled ‘non-target in target
range’; assays for which this is 0 are deemed specific. The median copies/CFU measured in target challenge samples is
provided. The second number for the human assays (the number following the semi-colon) shows the median if DNQs and

NDs are not included in the median calculation, Assays with a median greater than 50 copies/CFU are deemed sensitive.
Both sensitive and specific assays are indicated. An **’ indicates that the N would change to Y if the median that does not
include DNQs and NDs is used. The number of laboratories (N ) that ran the assay is provided. Assays run by a single lab
will require further testing.

Assay Host N # (%) non-target Median in target Specific Sensitive Spec & sens
in target range (copies/CFU)
BacH Human 1 0 (0) 87, 375 Y Y Y
BacHum Human 7 20 (11) 331; 374 N Y N
BsteriF1 Human 4 10 (10) 123; 130 N Y N
Btheta Human 1 0 (0) 11; 13 Y N N
gyrB Human 1 0 (0) 0.003; 279 Y N* N*
HF183SYBR Human 4 7(7) 52,71 N Y N
HF183Taqman Human 5 0 (0) 138; 140 Y Y Y
HumM?2 Human 6 0 (0) 7,48 Y N N
nifH Human 5 24 (19) 33; 167 N N* N
BacCow Cow 5 12 (7) 13,490 N Y N
CowM?2 Cow 5 0 (0) 15 Y N N
CowM3 Cow 1 0 (0) 1 Y N N
BacR Ruminant 2 0 (0) 955 Y Y Y
Rum2Bac Ruminant 1 0 (0) 832 Y Y Y
Gull2SYBR Gull 4 14 (10) 0.4 N N N
Gull2Tagman Gull 6 21 (10) 7 N N N
I LeeSeaGull Gull 1 0(0) 55 Y Y Y




SEPA 2012/2017 RWQC Revision

United States

Environmenta Protection More tools for assessing and managing

recreational waters

Rapid qPCR Assays

* Enterococcus gPCR technique (EPA Method
1611),

e use of gPCR on a site-specific basis for
monitoring.

Microbial Source Tracking (MST): .

* allows development of alternative site-specific
criteria and identifies opportunities for source
remediation.

Predictive models

» offer states, territories, and tribes the potential for
same-day notification and public health protection

* considerably lower capital investment and unit
costs.
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TURNING

wEPA |
United States Virtual Beach

Environmental Protection
Agency

A decision-support tool that facilitates the process
of building and implementing a statistical model for
predicting microbial water quality

Virtusl Besch 3 == |
¢+ sy ® T @ @ Hg»

Interface T

Data
Processing

e o e |
0 2 a1

Prediction

Environmental Parameters
« Rainfall (24-hr, 48-hr)
« Turbidity, conductivity

. * Wave height
MOdellng «  Wind speed & direction

« Air & water temperature

e —— . * UV/IPAR
- Office of Research and Development ] « Tributary discharge
NERL Ecosystems Research Division
* Lake currents and stage

 Bathers, birds, debris



<EPA

United States
Environmental Protection

Virtual Beach Tools:
MLR, PLS, GBM
Multiple Linear Regression Generalized Boosted
Models (MLR): fitting a linear Regression Models (GBM): a
equation to observed data linked chain of simple decision

trees

Fitted vs Observed

6 [ Decision Threshold Regulatory Threshold |
+A+ + t t
5 I ... T TTE L L L ]
| | | f | Q ®
4 + : . : : : ]
s " | ] Tree| |2 Tree 3¢Tree 4Tree| | 5" Tree
.1 L o S S L ] _ | Final
| | | | : + ..t + = "
0 ; ; ; ; : é Prediction
RIS ______________ ______________ ______________ ............. 1 [ ]
P S N S
0 1 5 3 s ; 5 6" Tree n-1Tree nth Tree
Ohserved

- Office of Research and Development
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Probability of exceedance

EE Virtual Beach Model Builder BETE Type I Error = False POSitive;

General Eropirical Maodel |

S Spendset | Data oo Mode iing [ adt Evaunn] Breicin advisory issued under safe

The MR model epression: [12:15:28 B, 05252007 P\Values for Madal Wark - .
S[LnF O] =Cnnst + Cosf] * Warl + Coel? * Var? + pestor 0078 Congt CO n d Itl O n S
Wocoed

\aristils Coeticient  Standard Fror +Smfisic pvale® =: I‘:E: ;

dmaa B - ebd
Corat 2 9476 12282 PX0E 0NZTOS B _ . .
1 SaniTL 0527 DO7EE 7M. LAZED B I I I E — F | N t
2 Son[BRAIN 1EDEZ  02IGR 7441 GOSS4E-IZ | @i e ror alse egative y
1 BgrPwiaVE_HT) 0En72 01703 2977 0003358 L]
4 ATERS SI07E 001748 -4.0<03 0.2259E-5 d . . d d - k
SWTEMP 0.0E3T [y e 40392 ESITIEE
no advisory issued under risky
FNTUFLOWEY .2417E7 3DETEES 41008 EAMGSES

conditions

Freguars = B3EE1% woos slandard enror s 11382 N=1/4

Al Fegquare = 52330% Wodel slendard error= 17952 RI=1AY

= dvanable rmight 22 insigniiczead 120 the model fwih 55% of coalidencs)
ilihe peealue of ils corresponding coellicient iz above 105

23
12.6%

\ - - - - - -
Vertical line = decision criterion

Horizontal line = regulatory standard

Model Errors

® Type | Errors: 2
(vs. 16 under “persistence” model)

® Type Il Errors: 9
(vs. 15 under “persistence” model)

51T%

Add model o Cp plot | Automate model seleciion Threshold value 735 transformn |1n - Add Theeshold

- Office of Research and Development 18
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Model Application

- Application of a recent version of the software package Virtual Beach tool
(VB 3.0) has been performed to predict microbial water quality in

beaches located around the Great Lakes, and in South Carolina, Florida,
Alabama, Mississippi, Puerto Rico.

Office of Research and Development
NERL Ecosystems Research Division
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Case Study |

Efficacy of statistical modeling tools to
determine stream and river impairment due
to fecal contamination.

Office of Research and Development
NERL Ecosystems Research Division
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jer.Bay \
/ \\ :
Lake Superior

WISCONSIN

Maritewoc

South Shore "
Grant Park &

€hicago
rville s

Edgewater Park

* Despite VB widespread use around the Great Lakes (>100 +
beaches), application in inland waters is limited.

- Office of Research and Development 29
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Assessment of Rivers Lakes, Bays Ocean
and Reservoirs and and LiEEal Greal Lales
US Waters ’
Streams and Ponds Estuarie Near .
. (Acres) Shoreline
(Miles) (Acres) s Coastal
Square (Square ;
(59 . (59 . (Miles)
Miles) Miles)
Good Waters 518,293 5,390,570 11,516 726 569,328 106
Threatened Waters 4,495 30,309
Impaired Waters 588,173 13,208,917 44,625 6,218 672,924 4,354
Total Assessed Waters 1,110,961 18,629,795 56,141 6,944 1,242,252 4,460
Total Waters 3,533,205 41,666,049 87,791 54,120 107,700,000 5,202
Percent of Waters Assessed 31.4 44.7 63.9 12.8 1.2 85.7

- Office of Research and Development 23
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Objective

Evaluate the effectiveness of Multiple Linear Regression
(MLR) and Generalized Boosted Regression Models
(GBM) for predicting the impairment of inland rivers and

streams.

- Office of Research and Development
NERL Ecosystems Research Division
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wEPA . .
e e protaction Study Sites Carlton Site

Agency

Georgia South Fork Broad River Watershed
=

Tennessee . North Carolina

South Carolina

Office of Research and Development
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Data Collection

- Intensive field study
conducted from 2012-2015

- Water samples collected
during rainfall events and
baseflow conditions from two
sites in the watershed.

- Samples were analyzed for
E. coli, Enterococci
(culturable and gPCR), MST
markers and water quality
parameters.
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6 Model

R 1.4 Development
3
c .= 4
5 o  Model training data
5, _ = N = were randomly selected
S (approximately 75% of
1= = z : entire dataset)
TR % 2 1 ¥
e i * IVsincluded Air
=] Temperature,
Barometric Pressure,
. "y 1 1 1 Dewpoint, Rainfall
ISP ?%@e‘“" o (15min; 1, 24, 48hr),
© o° 6 <& Rainfall Intensity (1

min), Stream

Site FIB Discharge, Total
Suspended Solids
(TSS), Turbidity, Water
Temperature, Avg. Wind
Speed

- Office of Research and Development
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Model predictions were made for data not used in model development (approx. 25% of dataset)

Fitted (Log 10)
NN W W s
o w [=] w [=]

S
wn

50

45
__40
S35
g 30

=

T 25

£ 20
Y18
1.0
0.5

FIB Prediction at Clouds Creek

E. coli Clouds Creek - GBM

y = 0.8007x + 0.5955
R*=0.8913

15 20 2.5 30 35 4.0 45
Observed (Log 10)
Enterococci Clouds Creek - GBM
y = 0.8295x + 0.5397 A
R*=0.9097
0.5 15 2.5 35 45 5.5

Observed (Log 10)

Office of Research and Development
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5.5
5.0
45
940
35
=30
T2s
<20
15
1.0
05

E. coli Clouds Creek - MLR

y=0.7244x + 0.8234 °
R*=0.7244 °
15 20 25 3.0 35 4.0 45
Observed (Log 10)
Enterococci Clouds Creek - MLR
y=0.6718x+ 1.0385 L
R*=0.6718
0.5 1.5 25 35 45 5.5

Observed (Log 10)
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GBM MLR
E.Coli Enterococci E.Coli Enterococci

Parameters  |Clouds Creek Carlton [Clouds Creek Carlton |Clouds Creek Carlton |Clouds Creek Carlton
FP 13 7 15 6 21 19 4 13

FN 22 15 22 17 44 25 52 42

TP 163 115 163 113 141 105 144 88

N 172 122 170 123 164 110 133 116
Data Points (N) 370 259 370 259 370 259 370 259
Specificity (%) 93 95 92 95 89 85 78 90
Sensitivity(%) 88 88 88 87 76 81 72 67
Accuracy(%) 91 92 90 91 82 83 75 78
R squared 0.89 0.92 0.91 0.91 0.72 0.71 0.67 0.64

* R?values for all predictions were > 0.6

* R?values were higher for GBM predictions
* Averaged across both models (E.coli and enterococci) GBM prediction errors
were 16% lower than MLR errors at Clouds Creek, and 7% lower at Carlton

- Office of Research and Development
NERL Ecosystems Research Division
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Carlton Turbidity, 48 hr Turbidity,48 hr
Rainfall, Dew rainfall, dewpoint
Point, Humidity
and wind speed

Clouds Creek Turbidity, Rainfall Water
Intensity, 48 hr temperature, 1 hr
rainfall, air rainfall, 24 hr

temperature, dew rainfall
point, Barometric
pressure, wind

speed

- Office of Research and Development
NERL Ecosystems Research Division
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Take Home Message

« Based on the predictive performance of both GBM
and MLR models for FIB at both field sites, our results
show statistical models developed with VB can be
effective for predicting the impairment of inland rivers
and streams.

« GBM produced better E.coli and Enterococci
predictions than MLR regardless of site differences.

- Office of Research and Development
NERL Ecosystems Researc h Division
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Case Study I

Using a Microbial Citizen Science Initiative
As A Tool to Manage Stream Water Quality
in An Urban Watershed

Office of Research and Development
NERL Ecosystems Research Division
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Objective

To provide information to local governments and
the UGA River Basin Center about common
sources of fecal contamination and locate hot
spots within local urban streams.

Office of Research and Development
NERL Ecosystems Research Division
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S B
Hospital
j."'!h- -

3 N\
5 &

4

Hbspital

e

Land Cover Classification

[ Open Water [ Evergreen Forest

[ | Developed, Open Space [ | Mixed Forest

[ | Developed, Low Intensity [ | Shrub/Scrub

[ Developed, Medium Intensity || Grassland/Herbaceuous

I Developed, High Intensity [ | Hay/Pasture

[ Barren Land (Rock/Sand/Clay) | | Woody Wetlands

[ | Deciduous Forest [ | Emergent Herbaceous Wetlands

Athens-Clarke
County

Escherichia coli

Concentration
(Log GC/100mL)
o 1:0~1.4
<o 1.5-2.0
A 24-25
O 26-3.0
(é5s] 31-35
0] 0.5 1 2 km

Land Use Development Intensity of Athens, GA with
corresponding average E. coli concentrations (Log

- Office of Research and Development
NERL Ecosystems Research Division
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Average Concentration of Markers Per Land Use

Classification

3.50 mRum2Bac ®DogBact WE.coli ~ HF183MGB
A
. 2.50
- A
g A
2 150 A g Marker Concentration by Season
8 I ¢ B EFALL ®WINTER ©SPRING  SUMMER
E ¢ 8 B 35
0, B N A
High Medium Low A A -[
oee LAND USE DEVELOPMENT INTENSITY A I
25 A
g AB
Q | AB
a 15 I
u A A B
&
w A
e A T
0> B ]B T ?
Rum2Bac DogBact E. coli HF183MGB
0.5

QPCR MARKER

- Office of Research and Development
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100%

90%

80%

(%)

70

ES

60%

50%

40

ES

30

FREQUENCY OF DETECTION
R

20%

10%

0%

Office of Research and Development
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Detection Frequency of gPCR Markers per Site

82%

35%
6%

56%

t5/l

83%

® Rum2Bac

36%

12% 12%

DogBact

92%

33"/3

33%

59% 17%

el B

SITE NUMBER

m HF183MGB

91%

15%

6%

80%
47%
30%
16% 15% 14% =
5% 0% 10%
|
10
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S EPA Table 1. Pearson correlation and P-values between
e wessaes —— JPCR marker concentration and molecular E. coli
as a function of land use development.

Agency

Land Use gPCR Marker
Rum2Bac : DogBact : HF183MGB

Development
Intensity

Medium 2 0.21 0.58*** 0.56™*

Medium 3 0.56*** 0.18 0.53***

Medium 10 - 0.11 0.13
Low 1 0.07 0.16 0.34*
Low 4 -0.12 0.56*** 0.49**

Sites categorized by Land Use Development Intensity, High >79%, Medium 50-79%, Low<50%). Positive
correlation value and significant P-value (*= 0.01), (**=0.05) and (***=0.001) indicated a positive trend

%tyv both var bles
ice o esearch and eve opment 37
NERL Ecosystems Research Division
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Take Home Message

- Detection of HF183MGB in highly developed areas of Athens may
be an indication of failing sewer infrastructure.

- Significant correlations between source tracking markers and E.
colf concentrations indicate that there are variable sources of
contamination contributing with high £. co/inumbers across the
watershed which are independent of land use intensity.

- Little variation of E. coli concentration detected between methods
used by volunteers and EPA scientists (average CV 3.29%),
demonstrates analysis by volunteer scientists meet EPA QA/QC
standards.

- Office of Research and Development 38
NERL Ecosystems Research Division
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Next Steps

- Continue validating performance of models using MST
markers

Compare GBM vs. MLR performance across a variety
of watersheds (e.g. urban systems)

- Validate model using citizen science collected data.

Office of Research and Development
NERL Ecosystems Research Division
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