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Supplementary Material
 
Table S1. Storm Sample Locations and Dates
Jurisdiction Site name Site ID Receiving 

Water or 
MS4 Outfall

Latitude Longitude Event 1 Event 2 Event 3

Cuc Creek 3 801CUC3b Receiving 
Water

33.9495 -117.6104 12/9/21 2/23/23  

Cuc Creek 2 801CCCR12 Receiving 
Water

34.030926 -117.598891 12/9/21 2/23/23  

SA@Chino 801SACCH17 Receiving 
Water

34.011076 -117.729943 12/9/21 3/28/22  

SA@State 801SACST18 Receiving 
Water

34.059358 -117.717331 12/14/21 3/28/22  

County of 
San 
Bernardino

Santa Ana R. 801SARWA19 Receiving 
Water

34.069342 -117.280457 12/9/21 3/28/22  

Bus Cn Drain MO-SIM Outfall
34.2721 -118.78374

10/25/21 12/14/21  

Call Creek 
@Cam.

ME-CC Receiving 
Water

34.17917 -119.03889

10/25/21 12/14/21  

Santa Clara R. ME-SCR Receiving 
Water 34.29917 -119.10722

10/25/21 12/14/21  

N Fill Drain MO-FIL Outfall
34.40459 -118.93069

10/25/21 12/14/21  

County of 
Ventura

11th St. MO-SPA Outfall
34.34861 -119.05551

10/25/21 12/14/21  

MB 1 MS4-MB-1 
DW053

Outfall

32.83938 -117.28181

10/25/21 2/27/23  

MB 3 MS4-MB-4 
DW171

Outfall

32.77145 -117.20434

10/25/21 2/27/23  

MB 5 MS4-MB-5 
DW275

Outfall

32.82403 -117.17834

10/25/21 2/27/23  

City of San 
Diego
 

Los Pen MS4-LPC-5 
DW0839

Outfall

32.89915 -117.11371

10/25/21 2/27/23  
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TRJ @Leon DW0224 Outfall

32.56471 -117.101447

12/9/21 2/27/23  

San Vic Creek MS4-SDR-228 Outfall
32.86917 -116.9216

12/14/21 2/25/23  County of 
San Diego

Sweet Water 
R.

MS4-SLR-150 Outfall

33.283702 -117.217033

12/9/21 2/25/23  

Magnolia 801MAG364 Outfall
33.965556 -117.415556

12/14/21 2/23/23  

Univ & 
Bowling

801UNV702 Outfall

33.997206 -117.372797

12/14/21 3/28/22 2/23/23

County of 
Riverside

Murrieta Cr 
@Diaz

902MS43015 Outfall

33.51649 -117.17233

12/14/21 2/23/23  

Aliso Cr Aliso Creek Receiving 
Water 33.54354483

-
117.7324621

10/25/21 12/16/21 3/28/22

SJ Cr San Juan 
Creek

Receiving 
Water

33.467555  -117.681995 10/25/21 12/16/21 3/28/22

Bolsa Bolsa Chica Receiving 
Water 33.75942 -118.04289

12/14/21 3/28/22  

Delhi Santa Ana 
Delhi

Receiving 
Water

33.66055  -117.88028 12/14/21 3/28/22  

County of 
Orange
 

SD Cr San Diego 
Creek

Receiving 
Water

33.65555 -117.84556

12/14/21 3/28/22  

LA River 
Emiss.

Los Angeles 
River Mass 
Emission 
Station

Receiving 
Water

33.82368 -118.206264

3/28/22 11/8/22
 

2/24/23

Malibu Ck. 
Emission

Malibu Creek 
Mass Emission 
Station

Receiving 
Water

34.077569 -118.701861

3/28/22 11/8/22
 

2/24/23

County of 
Los 
Angeles

Co. Island County Island Outfall
33.825071 -118.108378

3/28/22 11/8/22 2/24/23
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LLAR2 Dominguez 
Gap Pump 
Station

Receiving 
Water

33.83945 -118.2032

3/28/22 11/8/22
 

2/24/23

Ballona Ck. 
Emiss.

Ballona Creek 
Mass Emission 
Station

Receiving 
Water

33.998293 -118.402035

3/28/22 11/8/22
 

2/24/23

CCW_SW_L
AC

Ballona Creek 
Stormwater 
Outfall

Outfall

33.96777 -118.37057

3/28/22 11/8/22
 

2/24/23
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Table S2. Total precipitation at each sampling location for storm events 1-3. 

Jurisdiction Site name Site ID

Total 
Precipitation 

(cm) for Storm 
Event 1

Total 
Precipitation 

(cm) for Storm 
Event 2

Total 
Precipitation 

(cm) for Storm 
Event 3

County of San 
Bernardino

Cuc Creek 3
801CUC3b 0.3048 8.5598

Cuc Creek 2 801CCCR12 0.4572 7.239
SA@Chino 801SACCH17 0.2794 1.2446
SA@State 801SACST18 6.0452 3.175
Santa Ana R. 801SARWA19 0.7366 1.143

County of Ventura Bus Cn Drain MO-SIM 2.6162 3.429
Call Creek @Cam. ME-CC 1.6764 3.9878
Santa Clara R. ME-SCR 2.2606 5.334
N Fill Drain MO-FIL 1.8542 6.6802
11th St. MO-SPA 1.9304 5.588

City of San Diego MB 1 MS4-MB-1DW053 0.5334 3.2258
MB 3 MS4-MB-4 DW171 1.016 1.6002
MB 5 MS4-MB-5 DW275 0.3048 2.8956
Los Pen MS4-LPC-5 

DW0839 0.7366 4.699
TRJ @Leon DW0224 0.508 3.8608

County of San Diego San Vic Creek MS4-SDR-228 2.794 6.8834
Sweet Water R. MS4-SLR-150 3.2766 7.7216

County of Riverside Magnolia 801MAG364 2.9464 4.3942
Univ & Bowling 801UNV702 2.54 0.5842 2.9718
Murrieta Cr @Diaz 902MS43015 4.2926 8.4328

County of Orange Aliso Cr Aliso Cr 0.7112 2.9464 3.0734
SJ Cr SJ Cr 0.1016 1.3208 1.0668
Bolsa Bolsa 2.54 1.4986
Delhi Delhi 4.0132 1.4478
SD Cr SD Cr 4.0132 1.4478

County of Los 
Angeles

Los Angeles River 
Mass Emission 
Station LA R. 1.7018 2.159 5.9944
Malibu Creek Mass  
Emission Station Malibu Ck. 3.7338 4.5466 17.1958
County Island Co. Island 2.1844 2.794 8.43534
Dominguez Gap 
Pump Station LLAR2 1.7018 2.159 5.9944
Ballona Creek Mass 
Emission Station Ballona Ck. Emiss. 3.2766 4.3688 16.1798
Ballona Creek 
Stormwater Outfall CCW_SW_LAC 2.6416 3.9624 15.0876
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Table S3 Primers and Probes

Gene target Assay Name Forward primer Reverse Primer Probe Reference

Bacteroides 
16S HF183

ATCATGAGTTCACATGTCC
G

CGTAGGAGTTTGGA
CCGTGT

[HEX]CTGAGAGGA/ZEN/AGGTCCC
CCACATTGGA[3IABkFQ]

Cao et al. 2015, 
Bernhard & Field 200

Lachnospirac
eae 16S Lachno3

CAACGCGAAGAACCTTAC
CAAA

CCCAGAGTGCCCAC
CTTAAAT

[FAM]CTC+TGACCG+GTCTT+TAAT
CGGA[3IABkFQ]

Feng et al. 2018

Natronomonas 
pharaonis gyrA NP

ACGATTACCTGCTCTGCTT
TAC

CGTTGAGGTCGAGA
ACATTGA

[FAM]CAAGGGCAGGTCTATCGGCT
GAAG[3IABkFQ]

Steele et al. 2017

Bovine 
Coronavirus BoCoV

C+TGGAAGTTGGTGGAGT
T

ATTATCGG+CCTAA
CATAC+ATC

[HEX]CCTT+CATAT+CTATACA+CAT
+CAAGTT[3IABKFQ]

Decaro et al. 2008

Mouse lung 
beta actin ACTB proprietary proprietary proprietary

Thermo Fisher

Adenovirus JTVX
GGACGCCTCGGAGTACCT
GAG

ACIGTGGGGTTTCTG
AACTTGTT

[FAM]CTGGTGCAG/ZEN/TTCGCCC
GTGCCA[3IABKFQ]

Jothikumar et al. 2005

Norovirus GII QNIFS
ATGTTCAGRTGGATGAGR
TTCTCWGA

TCGACGCCATCTT
CATTCACA

[FAM]AGCACGTGGGAGGGGATCG[
TAMRA]

daSilva et al. 2007

Norovirus GI NV1LC CGCTGGATGCGNTTCCAT
CCTTAGACGCCATC
ATCATTTAC

[FAM]TGGACAGGA/ZEN/GAYCGCR
ATCT[3IABkFQ]

daSilva et al. 2007

Salmonella invA INVA
CAACGTTTCCTGCGGTACT
GT

CCCGAACGTGGCGA
TAATT

[FAM]CTCTTTCGTCTGGCATTATCG
ATCAGTACCA[BHQ]

González-Escalona et 
al. 2009

Campylobacter 
coli glyA Cc-glyA

CATATTGTAAAACCAAAG
CTTATCGTG

AGTCCAGCAATGTG
TGCAATG

[FAM]TAAGCTCCAACTTCATCCGCA
ATCTCTCTAAATTT[BHQ-1]

 LaGier et al. 2006,
Vondrakova et al. 
2014

Campylobacter 
jejeuni hipO Cj-hipO

TGCACCAGTGACTATGAA
TAACGA

TCCAAAATCCTCACT
TGCCATT

[FAM]TTGCAACCTCACTAGCAAAAT
CCACAGCT[BHQ-1]

He et al. 2010, 
Vondrakova et al. 
2014
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Table S4 Correlation of Rainfall with human markers and pathogens
Pearson’s r p-value Kendall’s Tau p-value

HF183 -0.03 1 -0.01 1

Lachno3 -0.2 1 -0.17 1

Campylobacter -0.29 0.56 -0.27 <0.001

Salmonella -0.37 0.07 -0.35 <0.001

Human Adenovirus 0.07 1 0.06 1

Human Norovirus 0.16 1 0.08 1
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Table S5 Correlation matrix of log transformed human marker and pathogen concentrations; the lower 
matrix are Pearson’s r values and the upper matrix (shaded grey) are adjusted p-values.

Salmonella Campylobacter HF183 Lachno3 Human 
Adenovirus

Human 
Norovirus

Salmonella 0.669 0.669 0.007 1 1

Campylobacter 0.24 0.326 0.222 0.585 1

HF183 0.25 0.29 <0.001 0.006 1

Lachno3 0.43 0.31 0.72 0.132 1

Human 
Adenovirus 0.00005 0.26 0.43 0.33 0.6688

Human 
Norovirus 0.068 -0.00023 0.17 0.19 0.24
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Table S6 Correlation matrix of log transformed human marker and pathogen concentrations; the lower 
matrix are Kendall’s   values and the upper matrix (shaded grey) are adjusted p-values.
 

Salmonella Campylobacter HF183 Lachno3 Human 
Adenovirus

Human 
Norovirus

Salmonella 0.612 1.000 0.002 1.000 1.00

Campylobacter 0.2 0.125 0.210 0.310 1.00

HF183 0.14 0.25 <0.001 <0.001 1.00

Lachno3 0.36 0.23 0.45 0.016 0.39

Human 
Adenovirus 0.034 0.24 0.39 0.31 0.74

Human 
Norovirus 0.094 0.018 0.14 0.19 0.18
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Table S7 Test of differences in distribution (Kolmogorov-Smirnov test) from early season and 
late season samples

D p-value

HF183 0.19 1

Lachno3 0.16 1

Campylobacter 0.26 1
Salmonella 0.17 1
Human adenovirus 0.20 1
Human norovirus 0.27 1
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Table S8 Whole stormwater human marker and pathogen concentrations in gene copies per 
100ml

Site
Storm 
Event HF183 Lachno3

Salmon-
ella

Campylobac
ter coli

Campylobac
ter jejeuni

Adeno-
virus

Norovirus 
GI 

Norovirus 
GII 

Los Pen 1 258 296 BD BD BD BD BD BD

Los Pen 2 202 BD BD BD BD BD BLOQ BD

MB1 1 1158 37698 BLOQ BD BD BLOQ BLOQ BD

MB1 2 158 147817 BD BD BD BD BD BD

MB3 1 527 28983 86 BD BD BD BD BD

MB3 2 BLOQ 163 BLOQ BD BD BD BD BD

MB5 1 108 1004 10233 BD BLOQ BD BLOQ BLOQ

MB5 2 BD 1598 BD BD BD BD BD BD

DW0224 1 BLOQ 15851 5499 BD BD BD BD BD

DW0224 2 760 4168 BLOQ BD BD BD BD BLOQ

Ballona 1 35218 51180 BD BD 304 42 BLOQ 203

Ballona 2 53912 26388 129 BD BD BD BLOQ BD
Ballona 3 15531 28786 BD BD BD 329 BLOQ BLOQ
CCW_SW_LAC 1 15127 16981 BD BD BD 90 BD BD

CCW_SW_LAC 2 9969 16682 BLOQ BD BD 42 BLOQ BD

CCW_SW_LAC 3 BD BD BD BD BD BD 114 BD

Co Island 1 1101 1417 BD BD BD BD 58 101

Co Island 2 794 300 BLOQ BD BD BD BLOQ BD

Co Island 3 580 494 BLOQ BD BD BD BLOQ BD

LLAR2 1 5158 85625 101 BLOQ BLOQ 56 BLOQ 321

LLAR2 2 157 1492 BD BD BD BD BD BD

LLAR2 3 535 3318 BD BD BD BD BD BLOQ

LA R 1 6399 171238 BLOQ BD 177 BLOQ BD BLOQ

LA R 2 7971 13990 99 BLOQ 419 BLOQ BD BLOQ

LA R 3 1831 1956 BLOQ 1492 BD 148 BLOQ 276

Malibu Crk 2 243 79 BD BD BD BD BLOQ BD

Malibu Crk 3 531 1472 BD BD BD BD BD BLOQ

Malibu Crk 1 BD BD BD BD BD BLOQ BD BD

Bolsa 1 919 3964 182 BD 127 BLOQ BD BD

Bolsa 2 1358 4729 BLOQ BD 261 BD BLOQ BLOQ

Delhi 1 2780 9000 BD BD 100 43 BD BLOQ

Delhi 2 2271 35900 BLOQ 833 BLOQ BLOQ BD BD

SD creek 1 BD BD BD BD BD BD BD BD

SD creek 2 BD 528 BD BD BD BD BLOQ BD

Aliso Creek 1 4269 3074 87 BLOQ 176 BD BD BD

Aliso Creek 2 2648 1219 BD BLOQ BD 61 BD BD

Aliso Creek 3 19646 5033 BD BLOQ BD 45 BD BD



12

San Juan River 1 3980 4145 BLOQ BD BLOQ BD 49 BLOQ

San Juan River 2 1237 455 BD BLOQ BD BLOQ BD BD

San Juan River 3 5923 1368 BLOQ BLOQ BLOQ BLOQ BD BD

801MAG364 1 14171 59403 BLOQ BD BLOQ BLOQ BD 263

801MAG364 2 4798 28958 BD BD BD BLOQ 210 90

902MS43015 1 491 596 BD BD BD BD BLOQ BLOQ

902MS43015 2 BLOQ 84 BD BD BD BD BD 89

801UNV702 1 BD BLOQ BD BD BLOQ BD 81 BD

801UNV702 2 1362 143399 526 BD 394 53 BLOQ 3399

801UNV702 3 BD BD BD BD BD BD BD 160

801CCCR12 1 3380 21009 222 BD 189 BD BD 176

801CCCR12 2 1521 15378 180 BD BD BD BD 147

801CUCb 1 3520 3923 BD BD 408 BLOQ BD 117

801CUCb 2 44959 9626 BLOQ BD BD BLOQ BD 120

801SACCH17 1 298 12944 2595 BD 1020 BD BD BD

801SACCH17 2 BLOQ 15280 BLOQ BD BD BD 43 BLOQ

801SACST18 1 211 533 BLOQ BD BD BLOQ BLOQ BD

801SACST18 2 1266 17669 294. BD BD BD BD BD

801SARWA19 1 748 53260 BLOQ BD BD BD BLOQ BD

801SARWA19 2 147 39667 199 BD BD BLOQ 74 142

MS4-SDR-228 1 3461 204 BD BD BD BD BD BD

MS4-SDR-228 2 BLOQ BLOQ BD BLOQ BD BD BD BD

MS4-SLR-150 1 BD BD BLOQ BD BD BLOQ BD 65

MS4-SLR-150 2 BD BD BD BD BD BD BD BD

MO-SPA 1 398 4970 BLOQ BD 122 BD BD 92

MO-SPA 2 290 12768 BD BD BLOQ BD BLOQ BD

MO-SIM 1 BD BD BD BD BD BD BD BD

MO-SIM 2 4360 9349 BLOQ BD 113 BD BLOQ BD

ME-CC 1 BLOQ BD BD BD BD BLOQ BD 93

ME-CC 2 BD BLOQ BD BD BD BD 225 116

MO-FIL 1 BD 953 113 BD BLOQ BD BD BD

MO-FIL 2 BLOQ 8714 BD BD 132 BLOQ BD BD

ME-SCR 1 BD BLOQ BLOQ BD BD BD BD BD
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Table S9 Separated sediment virus concentrations

Site Date

Adenovirus 
pellet copies 
per 100ml

Adenovirus 
supernatant 
copies per 
100ml

Norovirus GI 
pellet copies per 
100ml

Norovirus GI 
supernatant 
copies per 
100ml

Norovirus 
GII pellet 
copies per 
100ml

Norovirus GII 
supernatant 
copies per 
100ml

Los Pen 10/25/21 BD BD BD BD BD BD
MB1 10/25/21 BLOQ BD BD BD BD BD
MB3 10/25/21 BD BD BD BD BD BD
MB5 10/25/21 BD BD BD BD BD BLOQ
ME-CC 10/25/21 BD BD BD BD BD BLOQ
ME-SCR 10/25/21 BD BD BD BD BD BD
MO-FIL 10/25/21 BD BD BD BD BLOQ BD
MO-SIM 10/25/21 BD BD BD BD BD BD
MO-SPA 10/25/21 BD BD BD BD BD BLOQ
Aliso Cr 10/26/21 BD BD BD BD BD BD
SJ R 10/26/21 BD BD BD BLOQ BLOQ BD
801CCCR12 12/9/21 BD BD BD BD 62 BLOQ
801CUCb 12/9/21 BD BD BD BD BD BLOQ
801SACCH17 12/9/21 BD BD BD BD BD BD
801SARWA19 12/9/21 BD BD BLOQ BD BD BD
DW0224 12/9/21 BD BD BD BD BD BD
MS4-SLR-150 12/9/21 BLOQ BD BD BD BD BLOQ
801MAG364 12/14/21 BD BD BLOQ BD BD 262
801SACST18 12/14/21 BLOQ BD BLOQ BLOQ BD BD
801UNV702 12/14/21 BD BD BD BD BD BD
902MS43015 12/14/21 BD BD BD BD BLOQ BD
Bolsa 12/14/21 BD BD BD BD BLOQ BD
Delhi 12/14/21 BLOQ BD BD BD BLOQ BD
ME-CC 12/14/21 BD BD BD BLOQ BD BLOQ
MO-FIL 12/14/21 BD BD BD BD BD BD
MO-SIM 12/14/21 BD BD BLOQ BD BD BD
MO-SPA 12/14/21 BD BD BLOQ BD BD BD
SD Cr 12/14/21 BD BD BD BD BD BD
801SACCH17 3/28/22 BD BD 43 BD BLOQ BD
801SARWA19 3/28/22 BD BD 74 BD BLOQ BLOQ
801UNV702 3/28/22 53 BD BLOQ BD 916 1136
Ballona 3/28/22 BLOQ BD BLOQ BD BLOQ BLOQ
Co Island 3/28/22 BD BD 58 BD BD BD
LA R 3/28/22 BLOQ BD BD BD BLOQ BD
LLAR2 3/28/22 BD BD BLOQ BD 146 BD
Malibu Crk 3/28/22 BLOQ BD BD BD BD BD
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Ballona 11/8/22 BD BD BD BD BD BD
CCW_SW_LAC 11/8/22 42 BD BD BD BD BD
Co Island 11/8/22 BD BD BD BD BD BD
LA R 11/8/22 BD BD BLOQ BD BD BD
LLAR2 11/8/22 BD BD BD BD BLOQ BD
Malibu Crk 11/8/22 BD BD BD BD BD BD
801CCCR12 2/24/23 BD BD BD BD BD BD
801MAG364 2/24/23 BD BLOQ BD 1543 BD 2461
801UNV702 2/24/23 BD BD BD BD BD BLOQ
902MS43015 2/24/23 BD BD BD BD BD BLOQ
Ballona 2/24/23 BD 328 BLOQ BD BD BD
CCW_SW_LAC 2/24/23 BD BD BD BLOQ BD BD
Co Island 2/24/23 BD BD BLOQ BD BD BD
LA R 2/24/23 148 NA BD 117
Malibu Crk 2/24/23 BD BD BD BD BD BD
MS4-SDR-228 2/25/23 BD BD BD BD BD BD
MS4-SLR-150 2/25/23 BD BD BD BD BD BD
801CUCb 2/27/23 BLOQ BD BD BD BLOQ BD
Los Pen 2/27/23 BD BD BD BD BD BD
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Table S10 RNA viruses extraction kit comparison 
Biomerieux MagMax

Site Date
GI copies 
per 100ml

GII copies 
per 100ml

GI copies 
per 100ml

GII copies 
per 100ml

Ballona 11/8/22 BLOQ BD 100 BLOQ
Malibu Crk 11/8/22 BLOQ BD BD BD

LA R 11/8/22 BLOQ BD 160 31
Co Island 11/8/22 BLOQ BD BD BD

CCW_SW_LAC 11/8/22 BLOQ BD BD BD
LLAR2 11/8/22 BD BD 40 31

San Vic Creek 2/25/23 BLOQ BD BD BD
Ballona 2/24/23 BLOQ BLOQ BLOQ 224

Malibu Crk 2/24/23 BLOQ BD BD 32
LA R 2/24/23 BLOQ 276 40 744

Co Island 2/24/23 BLOQ BD BLOQ BLOQ
LLAR2 2/24/23 BD BLOQ BD BLOQ

Magnolia 2/24/23 210 90 2425 12800
Cuc Ck 2 2/24/23 BLOQ BD BLOQ 147
Cuc Ck 3 2/24/23 BD BD BLOQ 120
Los Pen 2/27/23 BD BD BLOQ BD
MB 1 2/27/23 BD BD BD BLOQ

DW2204 2/27/23 BD BLOQ BLOQ 499
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Figure S1. dMIQE checklist (A) and Environmental Microbiology Minimum Information Checklist 
(B). 
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Figure S2. Scatter plots of human markers and pathogens with least squares regression line and 
95% CI.   
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A
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B
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Figure S3. Boxplots of sample process recovery for stormwater filters from whole stormwater 
for bacteria and viruses (A), whole stormwater vs separated stormwater (B), and comparing 
extractions (C). 

C
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