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Abstract

Surface water contaminants in Kentucky during and after 2011 flooding were characterized. 

Surface water samples were collected during flood stage (May 2–4, 2011; n = 15) and after (July 

25–26, 2011; n = 8) from four different cities along the Ohio River and were analyzed for the 

presence of microbial indicators, pathogens, metals, and chemical contaminants. Contaminant 

concentrations during and after flooding were compared using linear and logistic regression. 

Surface water samples collected during flooding had higher levels of E. coli, enterococci, 

Salmonella, Campylobacter, E. coli O157:H7, adenovirus, arsenic, copper, iron, lead, and zinc 

compared to surface water samples collected 3-months post-flood (P < 0.05). These results suggest 

that flooding increases microbial and chemical loads in surface water. These findings reinforce 

commonly recommended guidelines to limit exposure to flood water and to appropriately sanitize 

contaminated surfaces and drinking wells after contamination by flood water.
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Introduction

Floods took more lives and damaged more property than any other type of natural disaster in 

the United States during the 20th century.[1] In addition to the immediate risk of drowning, 

floods can flush toxic chemicals and infectious microorganisms from soil and from 

residential, industrial, agricultural, and waste facilities into storm drains, rivers, and 

residential areas.[2–4] This places residents and emergency responders at risk of exposure to 

contaminated water.

From April 12–May 20, 2011, severe storms and tornadoes combined with snowmelt caused 

flooding along the Ohio River in Kentucky. On May 4, 2011, President Obama declared 

Kentucky to be a major disaster area and committed over $40 million to aid the clean-up and 

recovery efforts.[5]

There is limited information available in the published literature describing the type and 

quantity of contaminants and pathogens found in flood waters. A few studies found 

increased rates of diarrheal or other illness after heavy rainfall or flooding,[2,6,7] which 

suggests that increased microbial loads may be present; however, these studies did not 

investigate which individual pathogens were in the water. Several U.S. studies following 

Hurricane Katrina measured metal, chemical, and coliform levels in flood water,[8–10] but 

not pathogens. We only found two published studies that analyzed for a suite of pathogens in 

flood waters. One of these was conducted in Indonesia,[11] and one in the Netherlands.[12] 

There is a need to replicate this type of study in different regions of the world to build a 

more robust knowledge base. Thus, our primary objectives were to characterize microbial 

and chemical contaminants in surface water during the 2011 Kentucky flood, and to 

compare these contaminants to surface water samples collected after flood waters receded.

Detecting waterborne pathogens usually requires collecting large volumes of water (~100 L), 

which can be difficult to collect, transport, and ship. However, a field sampling technique 

called dead-end hollow-fiber ultrafiltration (DEUF) can filter upwards of 100 L of surface 

water using a disposable ultrafilter, which is then shipped to the lab instead of water. This 

has increased the logistical feasibility of testing water sources for multiple bacteria, viruses 

and parasites.[13] DEUF can recover diverse microbes from large volumes of water (~100 

L);[13] however, this was only the second time the method was applied to flood water, which 

can be highly turbid.[14]

Materials and methods

Flood region

The Ohio River is the largest tributary of the Mississippi River, draining 203,900 square 

miles. The Ohio River begins in Pittsburgh, Pennsylvania at the confluence of the Allegheny 

and Monongahela Rivers. From there, the Ohio River flows southwest for approximately 

981 miles to Cairo, Illinois, where it joins the Mississippi River. Along the way, it forms 

much of the northern border of Kentucky. During April–May 2011, the Ohio River flooded 

along all of northwest Kentucky.
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Sampling locations

Water samples were collected in four areas along the northwestern Kentucky border: 

Carrollton/Gallatin, Louisville, Owensboro, and Paducah. These samples were collected 

from May 2–4, 2011 (during the flood) and from July 25–26, 2011 (post-flood, after river 

levels receded). Fifteen samples were collected during flooding (Carrollton/Gallatin, n = 3, 

Louisville n = 5, Owensboro n = 2, and Paducah n = 5) and 8 samples were collected post-

flood (Carrollton/Gallatin, n = 2, Louisville, n = 2, Owensboro, n = 2, and Paducah, n = 2). 

In Louisville, the Ohio River reaches flood stage at 23 feet; during this flood event, water 

levels exceeded 50 feet in Louisville at the beginning of May, and receded to normal 

baseflow levels under 15 feet by the middle of July.[15]

Sample collection

To ensure investigator safety, water samples were collected from accessible locations at the 

edge of flood pools. Samples taken post-flood were collected as close as possible to the 

location of a sample collected during the flood to facilitate comparison.

From each location, the following were collected: latitude and longitude; water quality 

parameters (pH, temperature, turbidity, dissolved oxygen, and conductivity) using a 

handheld multi-parameter meter (Horiba U-50 Series, Horiba Ltd., Kyoto, Japan); grab 

samples (i.e., one-time, single point collection) for nitrates, atrazine, and metals; and a 

DEUF sample for microbes. One exception was in Owensboro, where DEUF samples were 

not collected during the flood due to logistical challenges. Samplers wore disposable gloves 

during collection of all samples, and gloves were changed at each location. To implement 

DEUF, samples used a peristaltic pump with silicone tubing to filter 100 L of water through 

a REXEED™-25 SX dialysis filter (Asahi Kasei Medical Corporation, Tokyo, Japan) having 

a pore size of ~30 kDa. To prevent cross-contamination, new tubing was used at each site 

and the REXEED filters were kept sealed until their use at the collection site.

All grab samples were collected using pre-sterilized bottles that were certified for trace 

metal analysis. They were collected at a water depth of approximately one foot at each 

location following US Environmental Protection Agency (US EPA) guidelines for surface 

water grab sample collection.[16] All grab samples and filters were stored on ice following 

collection and shipped to the laboratory within 24 h; laboratory analysis began within 24 h 

of receipt.

Laboratory analysis

Grab samples for nitrates, atrazine, and metals were shipped to the Colorado Department of 

Public Health and Environment’s Laboratory Services Division in Denver, Colorado, and 

analyzed in accordance with the UE EPA’s Standard Methods for drinking water (nitrates: 

353.2; atrazine: 525.2; metals (aluminum, arsenic, barium, beryllium, cadmium, calcium 

carbonate, chromium, copper, iron, lead, magnesium, manganese, molybdenum, nickel, 

potassium, selenium, silver, sodium, uranium, and zinc): 200.7 and 200.8. Although the 

metals panel contains a wide suite of metals, we only present metals that have known health- 

or aesthetic-related implications.
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DEUF filters were shipped to the Environmental Microbiology Laboratory at the U.S. 

Centers for Disease Control and Prevention (CDC), Waterborne Disease Prevention Branch 

in Atlanta, Georgia. Each ultrafilter was backflushed using two different solutions. The first 

backflush was performed using 250 mL of backflush solution without sodium polyphosphate 

(NaPP),[13] (as a precaution out of concern that NaPP could inhibit Campylobacter culture), 

and 100 mL was taken from this aliquot for culture of Campylobacter.[17] Each filter was 

then backflushed a second time using 250 mL of standard backflush solution containing 

NaPP, Antifoam-Y30 and Tween 80.[13]

This volume of filter concentrate was added to the remaining 150 mL from the first 

backflush and used for additional culture and real-time polymerase chain reaction (PCR) 

analyses. In preparation for real-time PCR analysis of the water sample, the filter 

concentrate was further concentrated by PEG precipitation (12% PEG 8000, 0.9 M NaCl, 

and 1% bovine serum albumin) for 2 h at 4°C.[18] Total coliforms and E. coli were analyzed 

according to Standard Method 9223 using Colilert.[19] Enterococci were enumerated by 

Enterolert (IDEXX Laboratories). Salmonella was detected by membrane filtration using 

0.45-µm mixed-cellulose ester filters, followed by broth and agar culture according to Hill 

and Sobsey,[20] and PCR using the TaqMan assay of Hill et al.[21] E. coli O157:H7 was also 

assayed by culture and real-time PCR.[22]

In addition to the culture of Campylobacter, real-time PCR was also performed on the 

concentrated water sample.[23] Real-time PCR or real-time reverse transcription PCR (RT-

PCR) methods were used to detect the following parasites and viruses: Cryptosporidium, 
Giardia, GI and GII noroviruses, enterovirus, adenovirus, and hepatitis A virus.[24–27] In 

addition to real-time PCR for Cryptosporidium and Giardia, IMS/FA microscopy 

(immunomagnetic separation/ immunofluorescence assay) was performed according to US 

EPA Standard Method 1623 (US EPA 815-R-05-002, 2005) on water samples for which a 

real-time PCR Ct value below 40 was obtained.[28]

Statistical analysis

Data were analyzed using R version 2.15.1.[29] Values below the limit of detection (LOD) 

were assigned a value equal to the LOD divided by the square root of two.[30] Most water 

quality measurements were not normally distributed, so we calculated geometric means and 

used log-transformed values during statistical comparisons. Most continuous variables were 

approximately normally distributed after log transformation.

Water quality measurements between flood and post-flood time periods were compared 

using linear regression for continuous measurements (e.g., pH, total coliform level, etc.) and 

logistic regression for dichotomous measurements (i.e., presence /absence of Salmonella, 
Campylobacter, and E. coli O157:H7). Each water quality variable was tested for statistical 

significance in a separate linear regression model that accounted for the location (i.e., city) 

and time period (i.e., flood or post-flood) of collection. P < 0.05 was considered statistically 

significant when comparing water quality variables between flood and post-flood time 

periods. Because this investigation was hypothesis-generating, analyses were not adjusted 

for multiple comparisons.
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When applicable, contaminant concentrations were compared to the US EPA’s maximum 

contaminant levels (MCLs) and secondary maximum contaminant levels (SMCLs) for 

drinking water.[31,32] MCLs and SMCLs are the highest level of a contaminant that is 

allowed in drinking water, and they are enforceable regulations for public drinking water 

systems. Although they are not applicable to surface water, they provide a general 

comparison benchmark. When MCLs and SMCLs were not available, levels were compared 

to the US EPA’s maximum allowable instream concentrations of pollutants for human 

health.[33]

Results and discussion

Water quality parameters

As expected, water temperature was higher in July during post-flood collection (GM = 

30.7°C) compared to collection during the flood in May (GM = 15.2°C) (P < 0.01) (Table 1). 

During flooding, surface water was more turbid (GM = 139 NTU vs. 25.5 NTU, P < 0.01) 

and dissolved oxygen was higher (GM = 14.7 mg L−1 vs. 9.50 mg L−1, P < 0.05). 

Conductivity was lower during flooding (GM = 360 µS cm−1 vs. 170 µS cm−; P < 0.01), and 

pH did not differ.

Chemicals

Nitrates, arsenic, barium, copper, iron, lead, manganese, nickel, and zinc were found in most 

surface water samples (Table 2). Surface water collected during flooding had higher levels of 

arsenic, copper, iron, lead, and zinc (P < 0.01). All surface water samples exceeded the 

SMCL for iron and manganese. Two surface water samples collected during the flood 

exceeded the MCL for lead, and one exceeded the MCL for arsenic.

One surface water sample collected during flooding contained several metals at an order of 

magnitude higher than any other surface water sample: arsenic (0.015 mg L−1), barium (0.88 

mg L−1), copper (0.15 mg L−1), iron (24 mg L−1), lead (0.067 mg L−1), manganese (9.0 mg 

L−1), nickel (0.051 mg L−1), and zinc (0.65 mg L−).

Microbial indicators and pathogens

During flooding, surface water samples had higher levels of total coliforms (GM = 2.34E 

+ 03 MPN 100 mL−1 vs. 420 MPN 100 mL−1, P < 0.05), E. coli (GM = 285 MPN 100 mL−1 

vs. 13 MPN 100 mL−1, P < 0.01), and enterococci (GM = 335 MPN 100 mL− vs. 30 MPN 

100 mL−, P < 0.01) compared to post-flood samples (Table 3). A greater proportion of 

surface water samples collected during flooding contained viable Salmonella (100% vs. 

38%, P < 0.01), adenovirus (77% and 12%, P < 0.05), and Campylobacter (62% vs. 12%, P 
= 0.07) compared to samples collected post-flood.

Cryptosporidium spp. was detected in similar proportions in surface water samples collected 

during (85%) and after flooding (62%); these samples were positive for Cryptosporidium 
spp. by real-time PCR but could not be confirmed to contain oocysts by IMS /FA 

microscopy. Although not statistically significant, two surface water samples collected 
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during flooding contained viable E. coli O157:H7, as compared to zero surface water 

samples collected post-flood. No samples tested positive for Giardia, enterovirus, norovirus 

GI and GII, or hepatitis A virus.

This study provides rarely collected data that enable us to examine chemical and microbial 

levels in surface water during and after flooding. Samples were collected at multiple 

locations along the Ohio River, including both residential and industrial sites. Surface water 

was heavily contaminated during flooding: E. coli, enterococci, and Salmonella were 

identified in every sample we tested. Campylobacter, Cryptosporidium, E. coli O157:H7, 

adenovirus, and several metals were more concentrated during flooding compared to post-

flood, suggesting that flooding may temporarily increase the concentration of some 

microbes and chemicals in surface water. Although the sample size was small and 

generalizability is limited, this study provides scientific evidence supporting guidelines for 

limiting exposure to flood water and taking appropriate precautions when cleaning up.

Although this study was not designed to identify the sources of microbial indicators, 

pathogens, and chemicals in flood water, our results suggest that contaminant levels are 

likely very heterogeneous and influenced by nearby point sources. Contaminant sources may 

vary from one house to another or from one city to another, depending on factors such as the 

strength of the point source, the amount of surface water present to dilute the contaminants, 

whether the flood water is stagnant or flowing, or the length of time since the point source 

was submerged. During floods that impact residential areas, items in submerged homes, 

garages, and vehicles can leak chemicals into the environment. This was observed in one 

flood water sample collected from a residential neighborhood that contained visible debris in 

the nearby vicinity (including cars, discarded tires, a battery, and a gasoline can). This 

sample contained levels of metals that were an order of magnitude higher than the other 14 

flood water samples. The other fourteen flood water samples were collected further from 

residential areas and in locations where no other obvious debris was present.

One previous study assessed chemical levels in New Orleans following Hurricane Katrina in 

2005.[9] This study found similar levels of lead and nickel, and lower levels of arsenic, 

copper, and zinc compared to this New Orleans study. Observed differences are likely due to 

differences in geography and land usage in the flooded regions. Another study investigated 

turbidity and microbial loads during heavy rain periods in Germany during 1997–1998 and 

compared levels to regular samples.[3] Similarly, this paper found that flooding increased 

turbidity, total coliforms, E. coli, fecal Streptococci, and C. perfringens. A third study 

assessed the effects of the 2005 flooding in Jakarta, Indonesia and found that flood water 

contained higher levels of total coliforms, E. coli, enterovirus, hepatitis A virus, norovirus 

G1 and G2 compared to river water.[11]

Although there were higher levels of microbial indicators, pathogens, and metals in flood 

water, it is the pathogens (i.e., E. coli O157:H7, Salmonella, Campylobacter, 
Cryptosporidium, and adenovirus) that pose the greatest public health concern because 

exposure to them can cause acute illness. For example, the US EPA requires that these 

organisms not be present in drinking water.[31] Although it is not uncommon to find normal 
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gastrointestinal microorganisms such as E. coli and enterococci in surface water, we found 

them at much higher concentrations during flooding.

Despite the elevated levels of metals found in flood water, most metals were within the 

maximum contaminant levels set by the US EPA.[31] Risk of adverse health effects from 

exposure to metals at the concentrations we found here is low, particularly if exposure is 

short-lived and if the water containing the metals is not consumed.[9]

This investigation is subject to several limitations. First, the generalizability is limited. 

Analyzing water samples for a wide array of pathogens and chemicals is resource intensive, 

and thus we collected only 15 water samples during flooding and 8 post-flood. Second, 

contaminant levels were not assessed over time and thus results could be due in part to 

seasonal variation. Because flooding can be difficult to predict, samples were not collected 

prior to flooding, and most of the pathogens and chemicals assessed are not measured 

regularly, so no baseline data were available. Post-flood samples were collected at only one 

point in time, so no time series analyses could be conducted. Third, sampling locations were 

selected based on convenience, as it would have been logistically difficult to develop a 

random sampling frame in the limited time frame available, particularly considering that 

many locations were inaccessible due to flooded roads.

However, water samples were spaced apart along the sampling area. Also, although samples 

collected post-flood were collected as close as possible to samples collected during the 

flood, the specific locations sometimes varied because many areas that were covered in 

water during flooding were not covered in water post-flood. Finally, with the exception of 

Salmonella, Campylobacter and E. coli O157:H7, the viability of most pathogens could not 

be determined.

Although this study represents only a single flood event and the sample size was limited, the 

findings reinforce the need to practice commonly recommended guidelines for exposure to 

flood water. In addition to taking measures to prevent drowning and electrocution, residents 

and rescue personnel should limit direct contact with flood water. When contact is 

unavoidable, individuals should wear waterproof boots and gloves and wash any skin that 

comes into direct contact.[34]

Flood water can also contaminate domestic wells, which provide drinking water to almost 

15% of the U.S. population,[35] and which are not protected by the Safe Drinking Water Act. 

Even when properly constructed and maintained, flood water can seep into a submerged 

well. Guidelines indicate that any resident with a drinking well that is potentially submerged 

should clean their well prior to use to prevent waterborne illness. State and local health 

departments often distribute post-flood well clean-up guidelines. Although the specifics can 

vary, most guidelines share the same basic principles.[36] These include examining the well 

for physical damage, cleaning silt and sediment from the well, and then disinfecting the 

system with a concentrated chlorine solution.
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Conclusion

This study provides additional evidence for evaluating flood water exposure risks, and 

suggests potential future research projects to further characterize flood water quality, 

including assessing flood water contaminants in different regions of the United States; 

assessing flood water variability by sampling location (e.g., water depth, distance from pool 

edge, etc.); and assessing temporal variability of flood water quality during the flood event.

Acknowledgments

We would like to thank the Kentucky Department of Public Health, particularly CDR Margaret Riggs, USPHS, for 
their time, expertise, and logistical support. We would also like to thank the Louisville Metro Department of Public 
Health & Wellness, the Three Rivers District Health Department, the Green River District Health Department, and 
the Purchase District Health Department for their cooperation during this investigation. The use of trade names and 
names of commercial sources is for identification only and does not imply endorsement by the CDC or the U.S. 
Department of Health and Human Services. The findings and conclusions in this report are those of the authors and 
do not necessarily represent those of the CDC.

References

1. Perry, CA. U.S. Geological Survey. USGS Fact Sheet 024-00. USGS; 2000. Significant floods in the 
United States during the 20th century—USGS measures a century of floods. Available at http://
pubs.usgs.gov/fs/2000/0024/report.pdf [accessed Aug 2011]

2. Hunter PR. Climate change and waterborne and vector-borne disease. J. Appl. Microbiol. 2003; 
94(Suppl):37S–46S. [PubMed: 12675935] 

3. Kistemann T, Classen T, Koch C, Dangendorf F, Fischeder R, Gebel J, Vacata V, Exner M. 
Microbial load of drinking water reservoir tributaries during extreme rainfall and runoff. Appl. 
Environ. Microbiol. 2002; 68(5):2188–2197. [PubMed: 11976088] 

4. Rose JB, Epstein PR, Lipp EK, Sherman BH, Bernard SM, Patz JA. Climate variability and change 
in the United States: potential impacts on water- and foodborne diseases caused by microbiologic 
agents. Environ. Health Perspect. 2001; 109(Suppl 2):211–221. [PubMed: 11359688] 

5. Federal Emergency Management Agency (FEMA). Federal disaster aid continues for spring storms: 
Total climbs to more than $40 million. FEMA; 2011. Available at http://www.fema.gov/news-
release/2011/08/22/federal-disaster-aid-continues-spring-storms-total-climbs-more-40-million 
[accessed Aug 2011]

6. Curriero FC, Patz JA, Rose JB, Lele S. The association between extreme precipitation and 
waterborne disease outbreaks in the United States, 1948–1994. Am. J. Public Health. 2001; 91(8):
1194–1199. [PubMed: 11499103] 

7. Wade TJ, Sandhu SK, Levy D, Lee S, LeChevallier MW, Katz L, Colford JM Jr. Did a severe flood 
in the Midwest cause an increase in the incidence of gastrointestinal symptoms? Am. J. Epidemiol. 
2004; 159(4):398–405. [PubMed: 14769644] 

8. Hou A, Laws EA, Gambrell RP, Bae HS, Tan M, Delaune RD, Li Y, Roberts H. Pathogen indicator 
microbes and heavy metals in Lake Pontchartrain following Hurricane Katrina. Environ. Sci. 
Technol. 2006; 40(19):5904–5910. [PubMed: 17051777] 

9. Pardue JH, Moe WM, McInnis D, Thibodeaux LJ, Valsaraj KT, Maciasz E, van Heerden I, Korevec 
N, Yuan QZ. Chemical and microbiological parameters in New Orleans floodwater following 
Hurricane Katrina. Environ. Sci. Technol. 2005; 39(22):8591–8599. [PubMed: 16323752] 

10. Presley SM, Rainwater TR, Austin GP, Platt SG, Zak JC, Cobb GP, Marsland EJ, Tian K, Zhang B, 
Anderson TA, Cox SB, Abel MT, Leftwich BD, Huddleston JR, Jeter RM, Kendall RJ. 
Assessment of pathogens and toxicants in New Orleans, LA following Hurricane Katrina. Environ. 
Sci. Technol. 2006; 40(2):468–474. [PubMed: 16468391] 

Yard et al. Page 8

J Environ Sci Health A Tox Hazard Subst Environ Eng. Author manuscript; available in PMC 2017 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.usgs.gov/fs/2000/0024/report.pdf
http://pubs.usgs.gov/fs/2000/0024/report.pdf
http://www.fema.gov/news-release/2011/08/22/federal-disaster-aid-continues-spring-storms-total-climbs-more-40-million
http://www.fema.gov/news-release/2011/08/22/federal-disaster-aid-continues-spring-storms-total-climbs-more-40-million


11. Phanuwan C, Takizawa S, Oguma K, Katayama H, Yunika A, Ohgaki S. Monitoring of human 
enteric viruses and coliform bacteria in waters after urban flood in Jakarta, Indonesia. Water. Sci. 
Technol. 2006; 54(3):203–210. [PubMed: 17037154] 

12. de Man H, van den Berg HHJL, Leenen EJTM, Schijven JF, Schets FM, van der Vliet JC, van 
Knapen F, de Roda Husman AM. Quantitative assessment of infection risk from exposure to 
waterborne pathogens in urban floodwater. Water Res. 2014; 48:90–99. [PubMed: 24095592] 

13. Mull B, Hill VR. Recovery of diverse microbes in high turbidity surface water samples using dead-
end ultrafiltration. J. Microbiol. Meth. 2012; 91(3):429–433.

14. Yard EE, Murphy M, Schneeberger CS, Narayanan J, Manners J, Carpenter LR, Sircar K, Lewis L, 
Hill VR. Surface water and ground water contaminant levels after flooding — Tennessee. 2010 
Under review. 

15. United States Geological Survey. USGS; Reston, VA: 2013. Peak streamflows and runoff volumes 
for the central United States, February through September, 2011; Professional Paper 1798–C. 
Available at http://pubs.usgs.gov/pp/1798c/pp1798c.pdf [accessed Feb 2012]

16. US Environmental Protection Agency (US EPA). Microbiological methods for monitoring the 
environment — Water and wastes. Author; Cincinnati, OH: 1978. EPA-600-8-78-017

17. International Organization for Standardization (ISO). [accessed Jan 2014] Water quality— 
Detection and enumeration of thermotolerant Campylobacter species. 2005. ISO 17995:2005. 
Available at http://www.iso.org/iso/home/store/catalogue_tc/catalogue_detail.htm?
csnumber=42082

18. Polaczyk AL, Narayanan J, Cromeans TL, Hahn D, Roberts JM, Amburgey JE, Hill VR. 
Ultrafiltration-based techniques for rapid and simultaneous concentration of multiple microbe 
classes from 100-L tap water samples. J. Microbiol. Meth. 2008; 73(2):92–99.

19. American Public Health Association (APHA), American Water Works Association (AWWA), 
Water Environment Federation (WEF). [accessed Jan 2014] Standard Methods for the Examination 
of Water and Wastewater. 212005. SM9223. Available at http://www.standardmethods.org/

20. Hill VR, Sobsey MD. Removal of Salmonella and microbial indicators in constructed wetlands 
treating swine wastewater. Water Sci. Technol. 2001; 44(11–12):215–222.

21. Hill VR, Kahler AM, Jothikumar N, Johnson TB, Hahn D, Cromeans TL. Multistate evaluation of 
an ultrafiltration-based procedure for simultaneous recovery of enteric microbes in 100-liter tap 
water samples. Appl. Environ. Microbiol. 2007; 73(13):4218–4225. [PubMed: 17483281] 

22. Mull B, Hill VR. Recovery and detection of Escherichia coli O157:H7 in surface water, using 
ultrafiltration and real-time PCR. Appl. Environ. Microbiol. 2009; 75(11):3593–3597. [PubMed: 
19363065] 

23. Lund M, Nordentoft S, Pedersen K, Madsen M. Detection of Campylobacter spp. in chicken fecal 
samples by real-time PCR. J. Clin. Microbiol. 2004; 42(11):5125–5132. [PubMed: 15528705] 

24. Jothikumar N, da Silva AJ, Moura I, Qvarnstrom Y, Hill VR. Detection and differentiation of 
Cryptosporidium hominis and Cryptosporidium parvum by dual TaqMan assays. J. Med. 
Microbiol. 2008; 57(9):1099–1105. [PubMed: 18719179] 

25. Hill VR, Mull B, Jothikumar N, Ferdinand K, Vinje J. Detection of GI and GII noroviruses in 
ground water using ultrafiltration and TaqMan Real-time RT-PCR. Food Environ. Virol. 2010; 
2(4):218–224.

26. Jothikumar N, Cromeans TL, Hill VR, Lu X, Sobsey MD, Erdman DD. Quantitative real-time PCR 
assays for detection of human adenoviruses and identification of serotypes 40 and 41. Appl. 
Environ. Microbiol. 2005; 71(6):3131–3136. [PubMed: 15933012] 

27. Jothikumar N, Cromeans TL, Sobsey MD, Robertson BH. Development and evaluation of a 
broadly reactive TaqMan assay for rapid detection of hepatitis A virus. Appl. Environ. Microbiol. 
2005; 71(6):3359–3363. [PubMed: 15933042] 

28. US EPA. Method 1623: Cryptosporidium and Giardia in Water by Filtration/IMS/FA. Author; 
Cincinnati, OH: 2005. Available at http://www.epa.gov/microbes/documents/1623de05.pdf 
[accessed Aug 2011]

29. R Core Team. R: A language and environment for statistical computing. R Foundation for 
Statistical Computing; Vienna, Austria: 2012. 

Yard et al. Page 9

J Environ Sci Health A Tox Hazard Subst Environ Eng. Author manuscript; available in PMC 2017 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.usgs.gov/pp/1798c/pp1798c.pdf
http://www.iso.org/iso/home/store/catalogue_tc/catalogue_detail.htm?csnumber=42082
http://www.iso.org/iso/home/store/catalogue_tc/catalogue_detail.htm?csnumber=42082
http://www.standardmethods.org/
http://www.epa.gov/microbes/documents/1623de05.pdf


30. Hornung RW, Reed LD. Estimation of average concentration in the presence of nondetectable 
values. Appl. Occup. Environ. Hyg. 1990; 5(1):46–51.

31. US EPA. Basic Information about Pathogens and Indicators in Drinking Water. Author; Cincinnati, 
OH: 2013. Available at http://water.epa.gov/drink/contaminants/basicinformation/pathogens.cfm 
[accessed Feb 2012]

32. US EPA. Secondary Drinking Water Regulations: Guidance for Nuisance Chemicals. Author; 
Cincinnati, OH: 2013. Available at http://water.epa.gov/drink/contaminants/
secondarystandards.cfm [accessed Feb 2012]

33. Kentucky Energy and Environment Cabinet, Department for Environmental Protection. Kentucky 
Surface Water Standards. Author; Frankfort, KY: 2011. Available at http://water.ky.gov/
waterquality/Pages/WaterQualityStandards.aspx [accessed Feb 2013]

34. Centers for Disease Control and Prevention (CDC). Emergency Response Resources: Storm/Flood 
and Hurricane Response. Author; Atlanta, GA: 2013. Available at http://www.cdc.gov/niosh/
topics/emres/flood.html [accessed Oct 2011]

35. U.S. Census Bureau. Current Housing Reports, American Housing Survey for the United States. 
U.S. Government Printing Office; Washington, DC: 2007. Series H150/07

36. US EPA. What to do after the flood. Author; Cincinnati, OH: 2012. Available at http://
water.epa.gov/drink/info/well/whatdo.cfm [accessed Mar 2011]

Yard et al. Page 10

J Environ Sci Health A Tox Hazard Subst Environ Eng. Author manuscript; available in PMC 2017 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://water.epa.gov/drink/contaminants/basicinformation/pathogens.cfm
http://water.epa.gov/drink/contaminants/secondarystandards.cfm
http://water.epa.gov/drink/contaminants/secondarystandards.cfm
http://water.ky.gov/waterquality/Pages/WaterQualityStandards.aspx
http://water.ky.gov/waterquality/Pages/WaterQualityStandards.aspx
http://www.cdc.gov/niosh/topics/emres/flood.html
http://www.cdc.gov/niosh/topics/emres/flood.html
http://water.epa.gov/drink/info/well/whatdo.cfm
http://water.epa.gov/drink/info/well/whatdo.cfm


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yard et al. Page 11

Ta
b

le
 1

W
at

er
 q

ua
lit

y 
pa

ra
m

et
er

s 
in

 s
ur

fa
ce

 w
at

er
 s

am
pl

es
 f

ol
lo

w
in

g 
O

hi
o 

R
iv

er
 f

lo
od

in
g,

 K
en

tu
ck

y,
 2

01
1.

A
ll 

L
oc

at
io

ns
C

ar
ro

llt
on

L
ou

is
vi

lle
O

w
en

sb
or

o
P

ad
uc

ah

M
ay

(n
 =

 1
5)

Ju
ly

(n
 =

 8
)

M
ay

(n
 =

 3
)

Ju
ly

(n
 =

 2
)

M
ay

(n
 =

 5
)

Ju
ly

(n
 =

 2
)

M
ay

(n
 =

 2
)

Ju
ly

(n
 =

 2
)

M
ay

(n
 =

 5
)

Ju
ly

(n
 =

 2
)

pH
 (

SU
)

  M
in

im
um

5.
05

4.
49

5.
36

7.
58

6.
63

7.
71

7.
35

4.
79

5.
05

4.
49

  M
ax

im
um

8.
72

7.
89

6.
51

7.
72

7.
49

7.
89

7.
47

5.
30

8.
72

4.
50

  G
M

6.
80

6.
06

5.
85

7.
65

6.
86

7.
80

7.
41

5.
04

7.
14

4.
49

Te
m

pe
ra

tu
re

 (
°C

)*
*

  M
in

im
um

11
.8

28
.1

16
.1

28
.7

11
.8

30
.9

16
.1

28
.1

13
.0

33
.1

  M
ax

im
um

20
.0

33
.2

17
.1

29
.3

15
.8

31
.9

17
.4

30
.8

20
.0

33
.2

  G
M

15
.2

30
.7

16
.6

29
.0

12
.9

31
.4

16
.7

29
.4

16
.2

33
.1

T
ur

bi
di

ty
 (

N
T

U
)*

*

  M
in

im
um

47
16

15
8

19
92

16
76

19
47

31

  M
ax

im
um

72
8

54
72

8
45

23
8

16
22

7
26

17
3

54

  G
M

13
9

25
.5

33
6

29
.2

14
2

16
.0

13
1

22
.2

81
.7

40
.9

D
is

so
lv

ed
 O

xy
ge

n 
(m

g 
L

−
1 )

**

  M
in

im
um

8.
51

5.
55

21
.4

5.
55

11
.2

9.
30

10
.1

7.
33

8.
51

10
.1

  M
ax

im
um

44
.4

14
.3

44
.4

8.
50

26
.1

14
.3

10
.8

11
.6

18
.0

12
.3

  G
M

14
.7

9.
50

27
.6

6.
87

14
.7

11
.5

10
.5

9.
22

11
.6

11
.1

C
on

du
ct

iv
ity

 (
µS

 c
m

−
1 )

**

  M
in

im
um

68
15

4
24

7
42

9
11

9
45

3
11

1
42

9
68

15
4

  M
ax

im
um

43
5

47
3

32
8

46
0

43
5

47
3

11
4

44
2

15
5

23
1

  G
M

17
0

36
0

27
8

44
4

26
3

46
3

11
2

43
5

97
18

9

**
P 

va
lu

e 
<

 0
.0

1 
fo

r 
lin

ea
r 

re
gr

es
si

on
 c

om
pa

ri
ng

 g
eo

m
et

ri
c 

m
ea

n 
le

ve
ls

 b
et

w
ee

n 
M

ay
 a

nd
 J

ul
y,

 c
on

tr
ol

lin
g 

fo
r 

ci
ty

;

G
M

 =
 G

eo
m

et
ri

c 
m

ea
n.

J Environ Sci Health A Tox Hazard Subst Environ Eng. Author manuscript; available in PMC 2017 October 06.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yard et al. Page 12

Ta
b

le
 2

C
he

m
ic

al
 a

na
ly

si
s 

of
 s

ur
fa

ce
 w

at
er

 s
am

pl
es

 f
ol

lo
w

in
g 

O
hi

o 
R

iv
er

 f
lo

od
in

g,
 K

en
tu

ck
y,

 2
01

1.

A
ll 

L
oc

at
io

ns
C

ar
ro

llt
on

L
ou

is
vi

lle
O

w
en

sb
or

o
P

ad
uc

ah

C
he

m
ic

al
M

ay
(n

 =
 1

5)
Ju

ly
(n

 =
 8

)
M

ay
(n

 =
 3

)
Ju

ly
(n

 =
 2

)
M

ay
(n

 =
 5

)
Ju

ly
(n

 =
 2

)
M

ay
(n

 =
 2

)
Ju

ly
(n

 =
 2

)
M

ay
(n

 =
 5

)
Ju

ly
(n

 =
 2

)

N
itr

at
es

 (
m

g 
L

−
1 )

  %
 a

bo
ve

 L
O

D
 (

0.
02

 m
g 

L
−

1 )
93

10
0

10
0

10
0

80
10

0
10

0
10

0
10

0
10

0

  %
 a

bo
ve

 M
C

L
 (

10
 m

g 
L

−
1 )

a
0

0
0

0
0

0
0

0
0

0

  G
M

 (
m

g 
L

−
1 )

0.
29

0.
48

0.
37

0.
91

0.
25

0.
87

0.
64

0.
33

0.
21

0.
20

A
rs

en
ic

 (
m

g 
L

−
1 )

**

  %
 a

bo
ve

 L
O

D
 (

0.
00

1 
m

g 
L

−
1 )

10
0

10
0

10
0

10
0

10
0

10
0

10
0

10
0

10
0

10
0

  %
 a

bo
ve

 M
C

L
 (

0.
01

0 
m

g 
L

−
1 )

a
7

0
0

0
0

0
0

0
20

0

  G
M

0.
00

4
0.

00
2

0.
00

3
0.

00
1

0.
00

4
0.

00
1

0.
00

5
0.

00
3

0.
00

5
0.

00
3

B
ar

iu
m

 (
m

g 
L

−
1 )

  %
 a

bo
ve

 L
O

D
 (

0.
00

5 
m

g 
L

−
1 )

10
0

10
0

10
0

10
0

10
0

10
0

10
0

10
0

10
0

10
0

  %
 a

bo
ve

 M
C

L
 (

2 
m

g 
L

−
1 )

a
0

0
0

0
0

0
0

0
0

0

  G
M

0.
10

3
0.

10
3

0.
06

3
0.

09
9

0.
10

3
0.

10
5

0.
07

8
0.

12
0

0.
15

3
0.

08
9

C
op

pe
r 

(m
g 

L
−

1 )
**

  %
 a

bo
ve

 L
O

D
 (

0.
00

5 
m

g 
L

−
1 )

10
0

62
10

0
10

0
10

0
10

0
10

0
0

10
0

50

  %
 a

bo
ve

 M
C

L
 (

1.
3 

m
g 

L
−

1 )
a

0
0

0
0

0
0

0
0

0
0

  G
M

0.
01

8
0.

00
5

0.
01

3
0.

00
9

0.
01

8
0.

00
5

0.
01

8
0.

00
4

0.
02

1
0.

00
5

Ir
on

 (
m

g 
L

−
1 )

**

  %
 a

bo
ve

 L
O

D
 (

0.
01

 m
g 

L
−

1 )
10

0
10

0
10

0
10

0
10

0
10

0
10

0
10

0
10

0
10

0

  %
 a

bo
ve

 S
M

C
L

 (
0.

3 
m

g 
L

−
1 )

b
10

0
10

0
10

0
10

0
10

0
10

0
10

0
10

0
10

0
10

0

  G
M

6.
66

1.
05

7.
29

0.
93

6.
48

0.
73

7.
97

1.
20

6.
04

1.
51

L
ea

d 
(m

g 
L

−
1 )

**

  %
 a

bo
ve

 L
O

D
 (

0.
00

1 
m

g 
L

−
1 )

10
0

25
10

0
0

10
0

0
10

0
0

10
0

10
0

  %
 a

bo
ve

 M
C

L
 (

0.
01

5 
m

g 
L

−
1 )

a
13

0
0

0
20

0
0

0
20

0

  G
M

0.
00

5
<

L
O

D
0.

00
3

<
L

O
D

0.
00

7
<

L
O

D
0.

00
5

<
L

O
D

0.
00

6
0.

00
1

J Environ Sci Health A Tox Hazard Subst Environ Eng. Author manuscript; available in PMC 2017 October 06.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yard et al. Page 13

A
ll 

L
oc

at
io

ns
C

ar
ro

llt
on

L
ou

is
vi

lle
O

w
en

sb
or

o
P

ad
uc

ah

C
he

m
ic

al
M

ay
(n

 =
 1

5)
Ju

ly
(n

 =
 8

)
M

ay
(n

 =
 3

)
Ju

ly
(n

 =
 2

)
M

ay
(n

 =
 5

)
Ju

ly
(n

 =
 2

)
M

ay
(n

 =
 2

)
Ju

ly
(n

 =
 2

)
M

ay
(n

 =
 5

)
Ju

ly
(n

 =
 2

)

M
an

ga
ne

se
 (

m
g 

L
−

1 )

  %
 a

bo
ve

 L
O

D
 (

0.
00

2 
m

g 
L

−
1 )

10
0

10
0

10
0

10
0

10
0

10
0

10
0

10
0

10
0

10
0

  %
 a

bo
ve

 S
M

C
L

 (
0.

05
)b

10
0

10
0

10
0

10
0

10
0

10
0

10
0

10
0

10
0

10
0

  G
M

0.
37

4
0.

19
0

0.
71

4
0.

10
9

0.
31

2
0.

08
1

0.
14

5
0.

34
6

0.
44

6
0.

42
5

N
ic

ke
l (

m
g 

L
−

1 )

  %
 a

bo
ve

 L
O

D
 (

0.
00

5 
m

g 
L

−
1 )

80
88

67
10

0
10

0
10

0
10

0
10

0
60

50

  %
 a

bo
ve

 M
C

L
 (

0.
61

 m
g 

L
−

1 )
a

0
0

0
0

0
0

0
0

0
0

  G
M

0.
00

7
0.

00
3

0.
00

4
0.

00
4

0.
00

9
0.

00
3

0.
01

0
0.

00
3

0.
00

6
0.

00
3

Z
in

c 
(m

g 
/−

1 L
)*

*

  %
 a

bo
ve

 L
O

D
 (

0.
01

 m
g 

L
−

1 )
10

0
10

0
10

0
10

0
10

0
10

0
10

0
10

0
10

0
10

0

  %
 a

bo
ve

 S
M

C
L

 (
5.

0 
m

g 
L

−
1 )

b
0

0
0

0
0

0
0

0
0

0

  G
M

0.
06

5
0.

02
1

0.
04

6
0.

03
0

0.
06

7
0.

02
4

0.
05

3
0.

02
0

0.
08

3
0.

01
4

**
P 

va
lu

e 
<

 0
.0

1 
fo

r 
lin

ea
r 

re
gr

es
si

on
 c

om
pa

ri
ng

 g
eo

m
et

ri
c 

m
ea

n 
le

ve
ls

 b
et

w
ee

n 
M

ay
 a

nd
 J

ul
y,

 c
on

tr
ol

lin
g 

fo
r 

ci
ty

a M
C

L
 =

 M
ax

im
um

 C
on

ta
m

in
an

t L
im

it 
pe

r 
U

S 
E

PA
 r

eg
ul

at
io

ns
.

b SM
C

L
 =

 S
ec

on
da

ry
 M

ax
im

um
 C

on
ta

m
in

an
t L

im
it 

pe
r 

U
S 

E
PA

 r
eg

ul
at

io
ns

.

G
M

 =
 G

eo
m

et
ri

c 
m

ea
n.

J Environ Sci Health A Tox Hazard Subst Environ Eng. Author manuscript; available in PMC 2017 October 06.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yard et al. Page 14

Ta
b

le
 3

M
ic

ro
bi

al
 in

di
ca

to
rs

 a
nd

 p
at

ho
ge

ns
 in

 s
ur

fa
ce

 w
at

er
 f

ol
lo

w
in

g 
O

hi
o 

R
iv

er
 f

lo
od

in
g,

 K
en

tu
ck

y,
 2

01
1

A
ll 

L
oc

at
io

ns
C

ar
ro

llt
on

L
ou

is
vi

lle
O

w
en

sb
or

o
P

ad
uc

ah

In
di

ca
to

r/
 P

at
ho

ge
n

M
ay

(n
 =

 1
3)

Ju
ly

(n
 =

 8
)

M
ay

(n
 =

 3
)

Ju
ly

(n
 =

 2
)

M
ay

(n
 =

 5
)

Ju
ly

(n
 =

 2
)

M
ay

(n
 =

 0
)a

Ju
ly

(n
 =

 2
)

M
ay

(n
 =

 5
)

Ju
ly

(n
 =

 2
)

To
ta

l C
ol

if
or

m
s*

  %
 a

bo
ve

 L
O

D
10

0
10

0
10

0
10

0
10

0
10

0
N

/A
10

0
10

0
10

0

  G
M

 (
M

PN
)

2.
34

E
+

03
42

0
1.

99
E

+
03

1.
99

E
+

03
2.

77
E

+
03

1.
07

E
+

03
N

/A
12

1
2.

17
E

+
03

12
1

E
. c

ol
i*

*

  %
 a

bo
ve

 L
O

D
10

0
10

0
10

0
10

0
10

0
10

0
N

/A
10

0
10

0
10

0

  G
M

 (
M

PN
)

28
5

13
55

4
3.

33
40

2
23

.6
N

/A
8.

74
13

5
43

.4

E
nt

er
oc

oc
ci

**

  %
 a

bo
ve

 L
O

D
10

0
10

0
10

0
10

0
10

0
10

0
N

/A
10

0
10

0
10

0

  G
M

 (
M

PN
)

33
5

30
51

9
24

.7
43

9
22

.3
N

/A
27

.0
19

7
54

.9

Sa
lm

on
el

la
**

  %
 a

bo
ve

 L
O

D
10

0
38

10
0

0
10

0
50

N
/A

50
10

0
50

C
ry

pt
os

po
ri

di
um

  %
 a

bo
ve

 L
O

D
85

62
67

10
0

10
0

50
N

/A
50

80
50

A
de

no
vi

ru
s*

  %
 a

bo
ve

 L
O

D
77

12
67

0
80

50
N

/A
0

80
0

C
am

py
lo

ba
ct

er
*

  %
 a

bo
ve

 L
O

D
62

12
10

0
0

80
0

N
/A

0
20

0

E
. c

ol
i O

15
7:

H
7

  %
 a

bo
ve

 L
O

D
15

0
67

0
0

0
N

/A
0

0
0

G
M

 =
 G

eo
m

et
ri

c 
m

ea
n;

 M
PN

 =
 M

os
t p

ro
ba

bl
e 

nu
m

be
r 

pe
r 

10
0 

m
L

.

* P 
va

lu
e 

<
 0

.0
5,

**
P 

va
lu

e 
<

 0
.0

1 
fo

r 
lin

ea
r 

(t
ot

al
 c

ol
if

or
m

s,
 E

. c
ol

i, 
an

d 
E

nt
er

oc
oc

ci
) 

an
d 

lo
gi

st
ic

 (
Sa

lm
on

el
la

, C
am

py
lo

ba
ct

er
, a

nd
 E

. c
ol

i O
15

7:
H

7)
 r

eg
re

ss
io

n 
co

m
pa

ri
ng

 M
ay

 to
 J

ul
y,

 c
on

tr
ol

lin
g 

fo
r 

ci
ty

.

a D
ue

 to
 lo

gi
st

ic
al

 c
on

st
ra

in
ts

, w
e 

w
er

e 
un

ab
le

 to
 c

ol
le

ct
 f

ilt
er

 s
am

pl
es

 f
ro

m
 O

w
en

sb
or

o 
in

 M
ay

.

J Environ Sci Health A Tox Hazard Subst Environ Eng. Author manuscript; available in PMC 2017 October 06.


	Abstract
	Introduction
	Materials and methods
	Flood region
	Sampling locations
	Sample collection
	Laboratory analysis
	Statistical analysis

	Results and discussion
	Water quality parameters
	Chemicals
	Microbial indicators and pathogens

	Conclusion
	References
	Table 1
	Table 2
	Table 3

