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Abstract: A study of water quality parameters was conducted in 38 small-scale roof-harvested
rainwater barrels (RHRB) located in urban and peri-urban Philadelphia, USA in winter
(November–December) 2014 and summer (June–August 2016). Parameters included two fecal
indicator bacteria (FIB) (Escherichia coli and Enterococcus spp.) measured using culture-based
methods, eight potential enteric and opportunistic pathogens (Campylobacter jejuni, Acanthamoeba spp.,
Legionella spp., L. pneumophila, Naegleria fowleri, Pseudomonas aeruginosa, Mycobacterium avium and
Mycobacterium intracellulare) measured using quantitative polymerase chain reaction (qPCR), and two
metals (lead and zinc) using inductively coupled plasma mass spectrometry (ICP-MS). Fecal indicator
bacteria were detected in greater than 60% RHRB samples and concentrations (up to >103 per 100 mL)
exceeded US Food and Drug Administration (USFDA) irrigation water quality standards. Among the
enteric and opportunistic pathogens tested, 57.9, 44.7, 21.1, 18.4, 5 and 3% were PCR positive for
Legionella spp., M. intracellulare, M. avium, Acanthamoeba spp., P. aeruginosa, and C. jejuni, respectively.
N. fowleri and L. pneumophila were not detected in any sample. The concentrations of enteric and
opportunistic pathogens ranged from 102 to 107 gene copies/L of barrel water. Lead and zinc were
each observed in 88.5% of RHRB but the concentrations did not exceed US Environmental Protection
Agency (USEPA) standards for irrigating produce, with the exception of one zinc observation
(2660 µg/L). Based on these data, it appears that the risk associated with metals in RHRB is likely to
be low, as these barrels are only used for gardening and non-potable purposes. However, risks due
to fecal and opportunistic pathogens may be higher due to exposure to aerosols during gardening
activities and produce consumed raw, and should be investigated further.

Keywords: roof-harvested rain barrel; opportunistic pathogens; enteric pathogens; fecal indicator
bactera; quantitative PCR; health risks

1. Introduction

As urban populations grow, corresponding increases in water demand have resulted in enhanced
interest in alternative and decentralized potable and non-potable water resources [1]. In addition,
many urban areas struggle to manage excess stormwater flows, and are served by combined sewer
overflow systems (CSOs). CSOs can introduce untreated sewage into waterbodies during rain events.
In the United States, the use of roof-harvested rainwater barrels (RHRB) for non-potable usages is
gaining popularity as a way to address these concerns by alleviating pressure on centralized water
and wastewater systems, practicing water conservation, and decreasing potable and non-potable
water demand [2]. In urban developed areas such as Philadelphia, USA, residents typically do not
rely on rainwater as a primary water source, but instead use it for non-potable purposes. The city of
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Philadelphia has encouraged stormwater management at the household level by providing 55-gallon
food-grade plastic barrels free of charge to residents who attended a workshop, and stated during
the workshop that the barrel water should not be used for potable supply or on edible plants [3].
However, previous findings elsewhere have shown the presence of potential pathogens [4–6], metals [7],
and chemicals [8–10] in roof-harvested rainwater (RHRW) tanks. Therefore, an assessment of potential
contaminants and risks is warranted to guide appropriate uses of water stored in RHRB, and potential
treatment options or design strategies if deemed appropriate for non-potable uses.

While enteric pathogens such as Campylobacter jejuni, Salmonella spp., Cryptosporidium parvum.
and Giardia lamblia in RHRW may occur infrequently from possums, birds and other animals present
on roof-catchments [11,12], opportunistic pathogens such as Legionella spp., Mycobacterium avium
complex (MAC), Acanthamoeba spp., Pseudomonas aeruginosa, and Naegleria fowleri may occur frequently
in RHRW [6,13]. Concentrations of opportunistic pathogens can be consistently high in tank water,
and additionally cause issues for tanks or barrels with long stagnation times or those located in
tropical and sub-tropical regions [13]. Opportunistic pathogens can cause infections in people with
underlying health conditions or in some cases infections in healthy individuals when exposed to high
concentrations [14,15]. This group of pathogens causes respiratory, skin and soft tissue, eye, and brain
infections in humans [16,17].

Studies that measured the quality and utilization of RHRW for domestic, potable, and non-potable
uses tested for fecal indicator bacteria (FIB) such E. coli and Enterococcus spp. due to their regulatory
importance and presumed association with enteric pathogens [6,18,19]. FIB are microorganisms
found in the gut of warm-blooded animals, and generally are not considered pathogens themselves.
However, their presence can indicate the potential presence of fecal material, which may harbor
pathogens [20]. For drinking water standards according to the United States Environmental Protection
Agency (USEPA), no more than 5% of samples should contain total coliforms (including E. coli and
Enterococcus spp.) in a month, and for water systems collecting fewer than 40 routine samples/month,
no more than one sample should be positive [21].

Currently, there are limited state regulations or guidelines specific to RHRW and these guidelines
vary by location. For example, USEPA [22] and others [23–25] suggest up to 100 fecal coliforms/100 mL
or 200 fecal coliforms/100 mL [26] is adequate water quality for indoor non-potable use or irrigation
of non-food crops. For potable use, more stringent guidelines consistent with community or public
water systems would be appropriate, with the absence of FIB and pathogens determined via testing
every three months [23,24,27,28]. Guidelines can also be specific to the water use; for irrigation
water in the United States, according to United States Food and Drug Administration (USFDA),
the maximum permitted E. coli concentration is 126 colony forming units (CFU)/100 mL (geometric
mean, n = 5 samples) and 235 CFU/100 mL for a single sample [28]. While FIB are presumed to indicate
the occurrence of enteric pathogens, a lack of strong correlation has been demonstrated between FIB
and either enteric or opportunistic pathogens [19].

Building materials such as lead paint or lead fittings can result in increased lead, copper, or zinc
levels in RHRW [29]. Lead is considered one of the most important contaminants in terms of its
potential human health effects, causing damage to the nervous system (especially in children), kidneys,
and reproductive system [30,31]. The United States drinking water national primary standard (action
level, in 10% of tap water samples) for lead is 15 µg/L [32], while federal irrigation standards are
5000 µg/L [22]. Zinc has a non-enforceable secondary maximum contaminant level of 5000 µg/L [33],
while federal irrigation standards are 2000 µg/L [22].

Due to the lack of specific guidance on RHRB water quality in the USA, the objectives of this
study were to investigate potential public health risks through: (i) a characterization of FIB, a range
of potential enteric and opportunistic pathogens, lead, and zinc in barrel water; (ii) assessing the
possible correlations between physico-chemical, survey, and rainfall parameters with the presence
of FIB, potential opportunistic pathogens, and heavy metals in water samples collected from RHRB;
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(iii) determining potential exposures through a survey; and (iv) identifying potential risks through
comparisons of contaminant concentrations with appropriate guidance or regulations.

2. Materials and Methods

2.1. Study Areas and Survey

A total of 38 samples were collected from 34 RHRB from various areas of urban and peri-urban
Philadelphia between 2014 and 2016. A pilot round of sampling for 12 RHRB was conducted during
November to December 2014 with one sample taken from each barrel. In June through August
2016, 26 additional water samples were collected from RHRB that were distinct from the pilot
samples except for four barrels, which were sampled during both events. For the 2016 sampling event,
a sanitary inspection was undertaken during sampling to confirm survey responses and identify factors
(the presence of overhanging trees, TV aerials, and wildlife fecal contamination on the roof) in addition
to physico-chemical water quality and FIB measurements. Sanitary inspection, physico-chemical
parameter measurements, and FIB monitoring were not undertaken for the pilot round of barrel
sampling. Participants were asked to fill out an online survey regarding their rain barrel characteristics
in the 2016 study (Supplementary Materials Figure S1).

2.2. Barrel Water Sampling

For the 2014 round of sampling, the tap/spigot connected directly to the RHRB was wiped
with 70% ethanol, and the water was run for 5 s before filling 1 L sterile polyethylene container for
pathogen analysis. Three of the barrels were accessible only via a garden hose (RHRB 1, 5, and 11).
For 2016 samples, the tap/spigot connected directly to the RHRB was wiped with 70% ethanol, and the
water was run for 5 s before filling 1 L sterile polyethylene container for FIB analysis, 1 L sterile
polyethylene container for pathogen analysis, and one 1 L detergent-washed (Micro-90, Burlington,
NJ, USA) polyethylene container for lead and zinc analysis. One sample was accessible only via
a garden hose (RHRB 25). One sample from 2016 (RHRB 20) was obtained directly from the top of the
barrel as no spigot was present. Samples were transported on ice to the laboratory and kept at 4 ◦C
until processing within 6–12 h.

2.3. Physico-Chemical Parameters

Physico-chemical parameters were measured only for barrels sampled in 2016. Temperature (◦C),
conductivity (µS), total dissolved solids (ppm) and pH were measured immediately in samples taken
from the spigots or top of barrels with a probe meter (Fisher-Scientific, Accumet AP85 Series, Pittsburgh,
PA, USA). Total dissolved oxygen was also measured in-situ using a probe pen (SPER Scientific, Model
850045, Scottsdale, AZ, USA). Turbidity testing was performed using a LaMotte we/wi turbidity meter
(Model 2020, Chestertown, MD, USA) and calibrated according to the manufacturer’s instructions [34].

2.4. Heavy Metals

Metals were measured only for barrels sampled in 2016. For metals (lead and zinc) analysis,
samples were acidified immediately upon arrival to the laboratory with 2% nitric acid (HNO3) or until
pH of 2.0. Samples were kept at 4 ◦C prior to examination by ICP-MS [35].

2.5. Enumeration of Fecal Indicator Bacteria (FIB)

FIB were measured for RHRB sampled in 2016. The membrane filtration method was used
to process the barrel water samples for FIB enumeration. 100 mL of sample was filtered through
0.45-µm-pore-sized nitrocellulose membranes (Millipore, Burlington, MA, USA) and placed on
modified mTEC agar (Difco, Detroit, MI, USA), and membrane-Enterococcus indoxyl-β-D-glucoside
(mEI) agar (Difco) for the isolation of E. coli and Enterococcus spp. as described elsewhere [36–38].
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2.6. DNA Extraction and Assessment of PCR Inhibition

Enteric and opportunistic pathogens were measured in all samples from both 2014 and 2016.
For qPCR analysis of the potential pathogens, 500 mL of water sample from each barrel was filtered
through a 0.45-µm-pore-size membrane (Millipore, Burlington, MA, USA). In case of membrane
clogging during filtration, multiple membranes were used. The membranes were stored at −80 ◦C
until DNA extraction. DNA was extracted directly from the membranes using a PowerSoil® Soil DNA
Kit (MO BIO Laboratories, Carlsbad, CA, USA) according to the manufacturer’s instructions and
stored at −80 ◦C until use. DNA concentrations were determined using NanoDrop spectrophotometer
(ND-1000, NanoDrop Technology, Wilmington, DE, USA). A Sketa22 real-time PCR assay was used to
determine the likely presence of PCR inhibitors in the extracted DNA samples. The primer, probe and
cycling conditions for the Sketa22 assay have been described elsewhere [6,39].

2.7. Pathogen Quantification

Acanthamoeba spp., Naegleria fowleri, Legionella spp., L. pneumophila, M. avium, M. intracellulare,
Pseudomonas aeruginosa and C. jejuni were quantified using previously published probe-based qPCR
assays [40–45]. The detailed methods previously used by the authors were replicated in this study and
the full description is available elsewhere [6,13].

2.8. Statistical Analysis

Rainfall data was downloaded from the National Oceanic and Atmospheric Administration
(NOAA) National Centers for Environmental Information [46]. The closest gauges for daily rainfall
data with complete information available during the two sampling periods was determined by
mapping gauges and RHRB, and determining the gauges which were present at the shortest geodesic
distance from each barrel. This resulted in the use of data from two gauges from station USC00366886
(Philadelphia Franklin Institute, Philadelphia, PA, USA) and US1PAPH0008 (Philadelphia 2.7 WNW).

All pathogen datasets involved censored data with non-detect or non-quantifiable values [either
between the lower limit of detection (LLOD) and lower limit of quantification (LLOQ) or above the
upper limit of quantification (ULOQ)]. The LLOQ was considered the lowest concentration of target
gene which could be quantified in triplicate by qPCR in a serially diluted standard. The LLOD was
considered the dilution below the LLOQ. In this study, only some culture-based values were >ULOQ.
The use of statistical procedures for censored data is necessary to avoid biasing parameter estimates
using other non-detect substitution methods [47]. Therefore, nonparametric Kendall’s Tau correlations
were computed to assess relationships among and between contaminants, and between contaminants
and other parameters using the NADA package in the R software environment (www.r-project.org).
Correlations were considered significant for an adjusted alpha value for each group of variables using
the Bonferroni correction (significance level alpha/number of pairwise comparisons), with an alpha
level of 0.05. Microbial parameters with fewer than five positive detections were excluded from the
analysis. Correlations for potential opportunistic pathogens were computed using all (2014 and 2016)
datasets. Data were plotted using GraphPad Prism version 6.07 (GraphPad Software Inc., La Jolla,
CA, USA).

3. Results

3.1. 2014 Pilot on-Site Observations and Survey/Sanitary Survey Data for 2016 Rain Barrels

All thirty-four RHRB in the 2014 round and 2016 studies were constructed from polyethylene
and all were used for gardening purposes (Supplementary Materials Table S1). Additionally, one of
the pilot samples was used for toilet flushing (RHRB 3) and one was used for indoor plant watering
(RHRB 9). Eleven of the 12 pilot rain barrels had capacities between 50 and 100 gallons, with one
having greater than 100 gallon capacity and used to serve a community garden. During the winter
of 2014, some RHRB users disconnected their barrels from the downspout. At the time of the pilot
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sampling, 4 of 12 of the RHRB had been disconnected from the downspout (RHRBs 6, 7, 8, and 10).
RHRB 1 had been disconnected for the season and reconnected prior to the sampling event. None of
the RHRB were equipped with a first-flush device.

The most common roofing material was asphalt shingle (26 roofs, 50%). Other roof materials
reported (with some combinations) included plastic sheeting (3 sites, 12%), tar (1 site, 4%), slate (1 site,
4%), and rubber (2 roofs, 8%). Gutters were constructed most frequently from aluminum (24 sites, 92%),
steel (1 site, 4%), or plastic (1 site, 4%). Twenty-two of the 26 rain barrels (85%) sampled in 2016 had
capacities between 50 to 100 gallons, and 8% of barrels sampled were >100 gallons. One barrel (RHRB
20) was disconnected at the time of sampling. Barrel ages ranged from <1 to 10 years. The majority of
2016 barrels had spigots which were <6 inches (73%) from the bottom, with a smaller number that were
6–12 inches (15%) or >12 inches (8%), and one barrel did not have a spigot (4%). The barrel without
a spigot was sampled by removing the top covering of the barrel. Two residences had a television
aerial on the roof of the house (RHRB 5 and 23, RHRB 26), which can serve as a habitat for wildlife
such as birds. Ten sampling sites (39%) had signs of wildlife on the roof observed by the investigators
or reported by barrel owners in the survey. Overhanging trees were present for twelve (46%) of the
2016 sites.

Treatment of water contained in RHRB to improve water quality was not performed by any
barrel owner, but three owners added treatment for mosquitos using larvicides such as Bacillus
thuringensis (Bti) (RHRB 4, 5 ,23 and 34). Fourteen of the 26 barrels tested (54%) were obtained
from the Philadelphia Water Department, 9 were purchased from private vendors (35%), one was
constructed by the owner, and 10 were of unknown origin (39%). Only four participants (15%) had
cleaned their barrel previously, and only two participants reported a cleaning frequency (>1–2 years
and <3 years). Five (19%) participants had cleaned their gutters yearly, two (8%) cleaned their gutters
twice a year, and 20 (77%) had never cleaned their gutters. Four sites (15%) had gutter covers.

3.2. Physico-Chemical Parameters and Fecal Indicator Bacteria (FIB) from 2016 Samplings

Physico-chemical parameters for the twenty-six rain barrels tested in 2016 are shown in Table 1.
pH for the samples ranged from 4.82 to 9.64. Turbidity in the samples was generally low (<1 NTU)
but was extremely high for one sample (61.6 NTU). Conductivity and total dissolved solids (TDS)
ranged from 37.8 to 648 µS and 18.6 to 780 ppm, respectively. Dissolved oxygen ranged from 2.60 to
10.6 mg/L.

Table 1. Physico-chemical water quality parameters for 2016 rainwater barrels.

Parameter Mean (Range)

pH 6.25 (4.82–9.64)
Conductivity(µS) 149 (37.8–648)

Total Dissolved Solids (TDS) (ppm) 101 (18.6–780)
Temperature (◦C) 26.6 (22.5–30.5)

Dissolved Oxygen (mg/L) 6.26 (2.60–10.6)
Turbidity (NTU) 4.27 (0.03–61.6)

Of the twenty-six RHRB systems tested for FIB in 2016, 16 (62%) and 20 (77%) were positive for
E. coli and Enterococcus spp., respectively. Fourteen barrels (52%) contained both E. coli and Enterococcus
spp. Concentrations in positive samples ranged from 1 up to >103 CFU/100 mL of water (Figure 1).
Five samples (19%) exceeded the single sample maximum of 235 E. coli/100 mL.
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Figure 1. Fecal indicator bacteria (FIB) concentrations measured in positive samples from 2016 
sampling. Upper limit of quantification shown by dotted line was 1000/100 mL. 
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All RHRB samples were tested for potential enteric and opportunistic pathogens. The most 
prevalent potential opportunistic pathogen was Legionella spp. (57.9% samples), followed by M. 
intracellulare (44.7%), M. avium (21.1%), Acanthamoeba spp. (18.4%), P. aeruginosa (5.30%), and C. jejuni 
(2.60%) (Table 2). N. fowleri, and L. pneumophila were not detected in any sample. The highest 
(maximum) concentrations observed were for P. aeruginosa (107 gene copies/L), Acanthamoeba spp. 
(105 gene copies/L), Legionella spp. (105 gene copies/L), M. intracellulare (104 gene copies/L), M. avium 
(103 gene copies/L), and C. jejuni (102 gene copies/L) (Figure 2). 

 
Figure 2. Potential pathogen concentrations measured in positive samples from 2014 and 2016 
sampling. Parameters of box plot shown are 25th, 50th, and 75th percentiles with whiskers extending 
to 5th and 95th percentiles for datasets with more than three observations. Data with fewer than 3 
positive detections are shown as points. 

  

Figure 1. Fecal indicator bacteria (FIB) concentrations measured in positive samples from 2016 sampling.
Upper limit of quantification shown by dotted line was 1000/100 mL.

3.3. Concentrations of Potential Opportunistic Pathogens in 2014 and 2016 Tank Water Samples

All RHRB samples were tested for potential enteric and opportunistic pathogens. The most
prevalent potential opportunistic pathogen was Legionella spp. (57.9% samples), followed by
M. intracellulare (44.7%), M. avium (21.1%), Acanthamoeba spp. (18.4%), P. aeruginosa (5.30%), and C. jejuni
(2.60%) (Table 2). N. fowleri, and L. pneumophila were not detected in any sample. The highest
(maximum) concentrations observed were for P. aeruginosa (107 gene copies/L), Acanthamoeba spp.
(105 gene copies/L), Legionella spp. (105 gene copies/L), M. intracellulare (104 gene copies/L), M. avium
(103 gene copies/L), and C. jejuni (102 gene copies/L) (Figure 2).
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Figure 2. Potential pathogen concentrations measured in positive samples from 2014 and 2016 sampling.
Parameters of box plot shown are 25th, 50th, and 75th percentiles with whiskers extending to 5th
and 95th percentiles for datasets with more than three observations. Data with fewer than 3 positive
detections are shown as points.
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Table 2. Concentrations of FIB and pathogens and occurrence of metals in water samples collected
from roof-harvested rainwater barrels (RHRB) in 2014 and 2016.

Parameter (Units) Lower Limit of
Quantification (LLOQ)

Mean of Positive Samples
(Range)

No. of Positive
Sample/Total (%)

E. coli/100 mL 1 2.92 × 102 (1–>103)a 16/26 (61.5)
Enterococcus spp./100 mL 1 1.55 × 102 (1–>103)a 20/26 (76.9)

Acanthamoeba spp./L 333 7.48 × 104 (1.01 × 103–4.68 × 105) 7/38 (18.4)
C. jejuni/L 33.3 2.82 × 102 1/38 (2.6)

Legionella spp./L 333 2.47 × 104 (3.37 × 102–1.63 × 105) 22/38 (57.9)
L. pneumophila/L 33.3 ND b 0/38 (0)

M. avium/L 33.3 1.30 × 103 (1.80 × 102–8.10 × 103) 8/38 (21.1)
M. intracellulare/L 33.3 2.59 × 103 (8.41 × 101–2.83 × 104) 17/38 (44.7)

N. fowleri/L 33.3 ND 0/38 (0)
P. aeruginosa/L 333 4.57 × 107 (2.95 × 103–9.14 × 107) 2/38 (5.3)

Lead (µg/L) 3 79.4 (3–1282) 23/26 (88.5)
Zinc (µg/L) 25 255.3 (29–2660) 23/26 (88.5)

Notes: a Upper limit of quantification (103 CFU/100 mL) was substituted for TNTC values for calculation of mean;
b Not detected.

3.4. Lead and Zinc

Lead and zinc were each observed in 88.5% of RHRB. They were present simultaneously in
21 barrels (81%). Concentrations of lead in positive samples ranged from 3 µg/L to 1282 µg/L,
while zinc concentrations in positive samples ranged from 29 µg/L to 2660 µg/L (Figure 3).
All samples were below the recommended lead concentration for produce irrigation water of 5000 µg/L,
while a single sample exceeded the zinc irrigation standard of 2000 µg/L [22].
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3.5. Correlations among Contaminants, and between Contaminants and Physico-Chemical Parameters

A significant moderate correlation was observed between E. coli and Enterococcus spp. (τ = 0.520)
(Table 3). Few correlations were observed between FIB, potential opportunistic pathogens, or heavy
metals with physico-chemical parameters (Table 4). Significant moderate correlations were observed
between lead and conductivity (τ = 0.403) as well as total dissolved solids (τ = 0.440). No microbial
parameter was significantly correlated with a physico-chemical parameter.



Water 2018, 10, 92 8 of 15

Table 3. Correlations between opportunistic pathogens and fecal indicators in RHRB. FIB correlations shown are for 2016 data only. Parameters with fewer than
5 positive detections were excluded. Significant values are bold-faced, with αcorrected = 0.05/7 = 0.007.

Parameter [Kendall’s Tau, (P)] a E. coli Enterococcus spp. Acanthamoeba spp. Legionella spp. M. avium M. intracellulare Lead

Enterococcus spp. 0.520 (<0.001)
Acanthamoeba spp. 0.015 (0.880) −0.009 (0.942)

Legionella spp. −0.160 (0.235) −0.102 (0.470) −0.014 (0.848)
M. avium −0.157 (0.114) −0.031 (0.783) 0.010 (0.841) 0.161 (0.025)

M. intracellulare 0.102 (0.411) 0.068 (0.602) 0.058 (0.358) −0.118 (0.225) −0.048 (0.480)
Lead 0.271 (0.045) 0.246 (0.077) 0.151 (0.081) 0.228 (0.101) 0.009 (0.951) 0.025 (0.862)
Zinc 0.061 (0.645) 0.102 (0.476) 0.059 (0.516) 0.129 (0.358) −0.052 (0.627) −0.006 (0.980) 0.295 (0.035)

Note: a Kendall’s tau is a nonparametric correlation coefficient measuring the monotonic association between y and x. Note that Kendall’s tau is typically approximately 0.15 lower than
Spearman’s ρ and Pearson’s r for the same strength of association.

Table 4. Correlations between contaminants and physico-chemical parameters for 2016 data. Microbiological parameters with fewer than 5 positive detections were
excluded. Significant values are bold-faced, with αcorrected = 0.05/6 = 0.008.

Parameter [Kendall’s Tau, (P)] a pH Conductivity (µS) Total Dissolved Solids (ppm) Temp. (◦C) Dissolved Oxygen (mg/L) Turbidity (NTU)

E. coli −0.222 (0.103) 0.086 (0.535) 0.123 (0.370) −0.052 (0.713) 0.080 (0.565) 0.193 (0.168)
Enterococcus spp. −0.148 (0.295) 0.154 (0.275) 0.191 (0.175) −0.062 (0.672) 0.157 (0.265) 0.167 (0.249)

Acanthamoeba spp. 0.114 (0.194) 0.132 (0.131) 0.182 (0.037) −0.019 (0.857) 0.012 (0.914) 0.047 (0.578)
Legionella spp. 0.129 (0.359) 0.135 (0.336) 0.080 (0.576) 0.074 (0.607) 0.006 (0.982) 0.010 (0.962)

M. avium −0.006 (0.976) 0.025 (0.832) 0.012 (0.928) −0.062 (0.564) −0.095 (0.362) 0.117 (0.247)
M. intracellulare −0.071 (0.588) 0.080 (0.538) 0.105 (0.416) −0.003 (>0.999) −0.025 (0.863) <0.001 (>0.999)

Lead 0.059 (0.690) 0.403 (0.004) 0.440 (0.002) 0.231 (0.101) −0.077 (0.595) 0.032 (0.026)
Zinc −0.025 (0.877) 0.037 (0.808) 0.098 (0.494) 0.074 (0.611) 0.074 (0.611) 0.197 (0.175)

Note: a Kendall’s tau is a nonparametric correlation coefficient measuring the monotonic association between y and x. Note that Kendall’s tau is typically approximately 0.15 lower than
Spearman’s ρ and Pearson’s r for the same strength of association.
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3.6. Correlations between Contaminants, Meteorological, and Survey Parameters

Rainfall occurred within 5 days of sampling for all sites, and 15/38 sampling events had rainfall on
the sampling day (Supplementary Materials Table S1). The average rainfall at each site during the 7 days
prior to the sampling event was 24.6 inches, ranging from 0.8 inches to 47.7 inches (Supplementary
Materials Table S1). No significant correlations were observed between contaminants and rainfall,
spigot distance, or barrel age (Supplementary Materials Table S2). Due to the limited number of
samples accessed from a hose (n = 3), number of people who had ever cleaned their barrel (n = 4),
similarity in size for all barrels (50–100 gallons), and similarity in gutter material (24/26 in the 2016
were made from aluminum), no statistical analysis was conducted for these parameters. Similarly,
of those who reported their roof type, most (n = 17/35) were constructed from asphalt or tar, or of
unknown material (n = 11/35). Information for dichotomous variables of overhanging trees and
presence of wildlife were similarly sparse when compared with the number of positive microbiological
detection events for determining statistical association in each category. Given this limited information,
a comparison of the number of positive detections in each category is shown in Table 5. Overhanging
trees were associated with a greater percentage of positive detections for Enterococcus spp., P. aeruginosa
and C. jejuni (although P. aeruginosa and C. jejuni had only a single detection for each), and a slightly
greater percentage for M. intracellulare. Overhanging trees were associated with a greater percentage
of negative detections for Acanthamoeba spp., Legionella spp., and M. avium and slightly for E. coli.
The presence of wildlife was associated with a greater percentage of positive detections for E. coli and
M. intracellulare, however, only 3/13 survey respondents reported that there was no wildlife present at
the site.

Table 5. Number of microbiological detections for sites where overhanging trees (n = 12) or presence
of wildlife (n = 10) were observed (percentage of total reported yes or no responses in each survey
category that had positive microbiological detections).

Parameter
Overhanging Trees Presence of Wildlife

Yes (n = 12) No (n = 13) Yes (n = 10) No (n = 3)

E. coli 11 (91.7) 12 (92.3) 7 (70.0) 2 (66.7)
Enterococcus spp. 11 (91.7) 8 (61.5) 8 (80.0) 3 (100)

Acanthamoeba spp. 1 (8.33) 4 (30.8) 1 (10.0) 1 (33.3)
C. jejuni 1 (8.33) 0 (0) 0 (0) 0 (0)

Legionella spp. 7 (58.3) 11 (84.6) 4 (40.0) 3 (100)
M. avium 2 (16.7) 4 (30.8) 0 (0) 1 (33.3)

M. intracellulare 6 (50.0) 6 (46.2) 7 (70.0) 1 (33.3)
P. aeruginosa 1 (8.3) 0 (0) 0 (0) 0 (0)

4. Discussion

Roof-harvested rainwater has been shown to be contaminated with multiple types of microbiological,
chemical, and heavy metal pollutants [29], raising concerns regarding potential public health risks
when RHRB owners are exposed to rainwater during its use. In the current study of 38 urban and
peri-urban Philadelphia RHRB, gardening was the most frequently reported use of stored rainwater,
indicating the most relevant potential public health risks are likely to be from exposure to RHRW
during garden hose usage [48] or consumption of raw produce irrigated with RHRW [49]. The use
of rainwater for gardening is recommended primarily for non-edible plants [3]; however, residents
also reported using the rainwater for edible produce eaten raw such as lettuce, herbs, and tomatoes.
This indicates that some pathogens might not be completely inactivated if produce is consumed raw.
Additionally, exposure to metals or other contaminants could occur from consumption. The only other
use of RHRW reported in the current study was indoor non-potable use. Indoor use of rainwater was
rare, with indoor plant-watering and toilet flushing reported at two sites. However, some risks during
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toilet flushing may be incurred from exposure to both fecal and opportunistic pathogens during the
generation of aerosols when toilets are flushed [49,50].

As gardening was the most common use of RHRB, water quality parameters were compared to
USFDA and USEPA irrigation standards to determine potential risks. Lead and zinc were observed
in the majority of RHRB at low concentrations, below USEPA irrigation standards of 5000 µg/L and
2000 µg/L for lead and zinc, respectively, with only one sample exceeding the value for zinc [22].
This is consistent with previous findings [51], indicating low levels of lead (highest mean 3.7 µg/L)
and zinc (highest mean 78.7 µg/L) in suburban and urban RHRB.

The high prevalence (62% and 77% positive for E. coli and Enterococcus spp., respectively) and
concentrations of FIB detected (up to >103 E. coli and Enterococcus spp./100 mL) indicated the presence
of fecal material in RHRB. Five (19%) samples exceeded the USFDA irrigation single sample maximum
of 235 E. coli/100 mL [28], indicating that water stored in the RHRB would generally not meet irrigation
water standards for produce intended for human consumption. If the geometric mean is computed by
substituting the upper limit of quantification for too numerous to count (TNTC) values, the resulting
mean E. coli concentration (51/100 mL) would not exceed the USFDA allowable geometric mean of
126 CFU/100 mL in 5 samples [28]. A prevalence of up to 79% and 83% has been previously observed
for E. coli and Enterococcus spp. in rainwater tanks, respectively, indicating that the prevalence observed
in the current study was not unusual [52]. The presence of FIB in RHRW is common, as FIB can enter
RHRW/RHRB from the feces of birds, insects, small mammals, and other animals present on roof
surface catchment areas, gutters, or openings in the top of partially sealed barrels that are covered with
wire mesh but not completely sealed [19]. Soil dusts or other debris could also potentially introduce
FIB into barrels through the same routes.

Acanthamoeba spp., C. jejuni, Legionella spp., M. avium, M. intracellulare, and P. aeruginosa were
observed in RHRB from the Philadelphia area, while N. fowleri and L. pneumophila were not detected in
any barrel water. Previously observed concentrations of Acanthamoeba spp. (6.6 × 105/L), Legionella spp.
(3.1 × 106/L), M. avium (1.1 × 105/L), M. intracellulare (6.8 × 105/L), and P. aeruginosa (9.6 × 105/L)
from Australian RHRW tanks are 1–2 orders of magnitude higher than those observed in the current
RHRB study. Campylobacter spp. (up to 41% of samples, n = 27) and C. jejuni (0.4% of samples, n = 214)
have been previously detected in RHRW samples [48,53], but not quantified. Limited observations of
the quality of water stored in RHRB have been made in the continental US [54–56] and have focused
on FIB total coliforms and heterotrophic plate counts.

The potential pathogens detected can cause respiratory (M. avium and M. intracellulare;
L. pneumophila was not detected, but other species from the genus Legionella can cause respiratory
illness [57]), eye (Acanthamoeba spp.), gastrointestinal (C. jejuni), and skin (P. aeruginosa) illnesses
through inhalation or ingestion routes, or contact with eye tissue in the case of Acanthamoeba spp. [16].
While irrigation standards do not address opportunistic pathogens or Campylobacter spp. [28], previous
risk assessments of L. pneumophila, M. avium, and M. intracellulare suggest that exposure to aerosols
during garden hosing or toilet flushing, and consumption of produce irrigated with RHRW can
present risks for public health [48,49]. Due to the absence of L. pneumophila and lower concentrations
of M. avium and M. intracellulare detected in the current study compared to the one used to develop
input distributions for the previous quantitative microbial risk assessment (QMRA) [6], a new QMRA
is recommended to assess risks in Philadelphia RHRB. Additionally, uses and their relative frequencies
are different for US populations compared to those from Australia [6]. C. jejuni is a fecal-oral pathogen
that can be of concern for food crop irrigation or toilet flushing using rainwater [58]. Campylobacter spp.
and Campylobacter fetus have previously been associated with outbreaks linked to the use of RHRW;
however, these associations were due to direct potable consumption of rainwater [59,60]. Detection of
C. jejuni was rare (1/38 samples) in Philadelphia RHRB, suggesting that associated exposures are likely
to be rare. It is noted here that qPCR methods provide information on the number of gene copies of
pathogens in a sample. The presence of gene copies indicates that a pathogen was present at some
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time in a rain barrel; however, it does not indicate whether the quantified pathogens are alive or dead,
and whether they are infectious at that particular time to a person who is potentially exposed.

There are several factors which can affect the presence of opportunistic pathogens in RHRB.
As opportunistic pathogens are not usually fecal-associated, the initial inoculum in rain barrels may
play less of a role than the conditions and design factors within barrels that contribute to growth or
decay. The initial inoculum of pathogens could be affected additionally by pre-filters or mesh screens
if any are used. In particular, the distance between the barrel spigot and the bottom of the barrel
can impact the regrowth and transport of microorganisms contained in sediments within the barrel
and the rate of transfer of sediments to the bulk water drawn from the barrel through the spigot;
however no statistical associations between spigot distance and microbiological parameters were
shown in this study. Sediments and biofilms may harbor opportunistic pathogens [61], and a smaller
spigot distance could indicate an increased potential for pathogens to enter the outflowing water.
In particular, biofilms and sediments combined with stagnant, warm waters can encourage pathogen
(re)growth [16]. For logistical reasons, sampling times differed between barrels, and growth or decay
could have occurred due to local environmental factors such as rain barrel water temperature. This can
be influenced by the orientation of a barrel and degree of sunlight received, which differed from
property to property (see Supplementary Materials Table S1). Most barrels in the study had spigot
distances <6 inches. However, further investigation is warranted to assess the impact of design features
on pathogen occurrence and growth in small-scale barrels.

FIB were not correlated with potential opportunistic pathogens in RHRB; this is similar to
previous observations in rainwater tanks in Australia [13] and may be due to differences between
the preferred growth conditions of opportunistic pathogens compared to FIB, differences in decay
rates, or differences in the origins of each pathogen group (ubiquitous in water vs. fecal origin).
No correlations were observed between physico-chemical parameters, rainfall during the 7 days prior
(including the sampling day), or time since the last rainfall event, and any microbiological parameter.
The lack of correlation among water quality parameters indicates that better characterization of factors
contributing to the degradation of microbiological quality in Philadelphia rainwater barrels is needed,
and larger statistical samples would allow for further comparison. The observed lack of correlations
may be due to the relatively small number of positive detections for FIB and opportunistic pathogens,
and could require a larger dataset for accurately assessing correlations. The minimum sample size
necessary to perform a correlation varies and will depend on the magnitude of the population
correlation, width of the confidence interval, and desired α; for small values of Kendall’s Tau this is
likely to be greater than 46 samples, but for high correlations could be as few as 8 samples [62].

Harvesting rainwater through rain barrel systems is one way of reducing stormwater runoff, and
is currently employed in urban areas among other investments in green infrastructure [63]. Information
regarding harvested rainwater quality is useful to urban planners, engineers, utility managers,
and residents who are concerned with water conservation and cost savings. Characterization of
contaminants present and circumstances under which they occur can improve guidelines, regulations,
and maintenance recommendations concerning small-scale harvested RHRB. Additional information
is needed regarding the feasibility, cost, and health risk-reduction benefits of point-of-use devices
or other interventions such as first-flush devices, cleaning and disinfecting rain barrels, and using
mesh screens to prevent debris from entering the barrel in these small-scale systems under varied
environmental conditions and maintenance schemes. Although the risk from enteric pathogens is
likely to be low for municipal irrigation [64,65], risks due to opportunistic pathogens may be higher
due to non-potable uses such as gardening, and further investigation would be beneficial.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-441/10/2/92/s1,
Figure S1: Online survey sent to 2016 Philadelphia rainwater study participants, Table S1: Summary of sampling
sites, online survey, and sanitary survey, Table S2: Correlations between contaminants and meteorological or
survey parameters.

http://www.mdpi.com/2073-441/10/2/92/s1
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