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Abstract 
Microbial pathogens and indicators have contributed to major part of water 
quality degradation in the United States. Located in the northwestern New 
Jersey, the Musconetcong River has been included in the New Jersey Im-
paired Waters List or the 303(d) List due to high concentrations of fecal indi-
cator bacteria. Hence, a Total Maximum Daily Load plan was established to 
address microbial water quality issues in the watershed. The objectives of this 
study were to assess the current status of microbial water quality and to de-
termine potential sources of fecal contamination in the Musconetcong River 
Watershed using microbial source tracking techniques. Fifteen sampling 
events in total were carried out at nine sites throughout the Musconetcong 
River Watershed in August 2016, July and August 2017. E. coli enumeration 
was performed to determine the possible presence of fecal contaminations. 
Microbial source tracking techniques, specifically Canada goose, cow, deer, 
horse, and human-specific molecular markers, were used for real-time poly-
merase chain reaction (qPCR) analysis in order to identify and quantify po-
tential sources of fecal contamination. The results indicated that E. coli was 
found present at all nine study sites. Two of the nine sites violated the New 
Jersey Surface Water Quality Standards in August 2016, while all of the nine 
sites exceeded the standards in both July and August 2017. Water tempera-
ture, dissolved oxygen (DO), and specific conductance at the study sites 
ranged from 13.5˚C to 25.3˚C, from 7.7 mg/L to 13.0 mg/L, and 278.5 μS/cm 
to 1335.0 μS/cm, respectively, at the time of sample collection. E. coli counts 
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were found to be negatively correlated with temperature and specific con-
ductance (p < 0.05) but positively correlated with dissolved oxygen, accumu-
lated rainfall within 1 day, rainfall within 2 days, and rainfall within 3 days (p 
< 0.05). Higher percentage of presence of human, Canada goose and deer 
markers were observed at all fifteen sampling events indicating human and 
wildlife were the two major sources of fecal contaminations in the Musco-
netcong River Watershed. The study suggested applying restoration measures 
to reduce fecal contaminations from anthropogenic and wildlife sources in 
order to improve microbial water quality of the Musconetcong River. How-
ever, more frequent and strategic sampling plan is recommended to supply 
more comprehensive data to aid in future planning of best management ef-
forts on controlling fecal contaminations. 
 

Keywords 
Microbial Water Quality, Potential Sources, Fecal Contamination, Microbial 
Pathogens 

 

1. Introduction 

Microbial contaminations have contributed to a major part of water quality im-
pairment in the United States [1], accounting for various drinking and recrea-
tional waterborne outbreaks in the US [2]. Sources of contamination were most-
ly attributed to fecal wastes originated from septic systems, livestock, domestic 
animals, and wildlife [3]. Conventionally, microbial water quality has been often 
evaluated using fecal indicator bacteria (FIB), because they are easy to measure 
as opposed to quantify each and every pathogen. Moreover, the enumeration 
results showed a clear linkage to fecal contaminations and potential presence of 
pathogenic microbes [4]. Common FIBs include total coliform, fecal coliform, 
Escherichia coli (E. coli), and enterococcus [4]. The US Environmental Protec-
tion Agency (EPA) has developed microbial water quality criteria using FIBs; in 
freshwater ecosystems, E. coli is the most commonly used FIB [4] [5]. The Clean 
Water Act requires states and tribal nations to assess waterbodies for water qual-
ity impairment. Once a waterbody is found impaired, the waterbody is listed on 
the State’s Impaired Waters List or the 303(d) List and a Total Maximum Daily 
Load (TMDL) plan is developed as a planning tool to address the water quality 
impairment issues [6]. 

Once an area is identified to be impaired due to high FIB, the next step is to 
identify the sources of such contamination, so mitigation efforts can focus on 
eliminating the sources directly. Microbial source tracking (MST) provides the 
opportunity to identify potential sources of fecal contamination. The results of 
MST can be applied to aid in the development of a TMDL plan to better mitigate 
the water quality deterioration [7]. MST approaches include both phenotypic 
and genotypic methods. Phenotypic typing requires observation of physical and 
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biochemical characteristics, including antibiotic resistance and bacteriophage; 
genotypic typing involves assessment of genetic information, including ribotyp-
ing and host-specific molecular markers [7] [8]. Without having to build refer-
ence databases and grow bacteria or virus from samples, DNA markers in cer-
tain bacteria (e.g. Bacteroidales) associated with fecal materials from specific 
animal sources have been identified, including human, ruminant, and avian spe-
cies [9] [10] [11]. In conjunction with real-time polymerase chain reaction 
(qPCR) analysis, these molecular markers could be used to both identify and 
quantify sources of fecal contamination in short amount of time. Multiple case 
studies that utilized various MST methods have been documented across the US 
for source identification, model development, and prioritizing management 
practice [7].  

Located in northwestern New Jersey, Musconetcong River is a tributary to the 
Delaware River, encompassing a drainage area of 408.2 square kilometers. Main 
land uses for the watershed consist of forest (56.0%), urban (21.4%), and agri-
culture (11.6%) [12]. Historical documents showed that bacterial water quality 
in Musconetcong River frequently exceeded water quality standards, failing to 
support primary contact recreation [13] [14]. In 2003, a TMDL plan for fecal co-
liform were established to address water quality impairment in the Musconet-
cong River, requiring 93% reduction of fecal coliform at multiple locations along 
the River [15]. Since then, various restoration efforts have been undertaken to 
reduce fecal contamination including implementation of new riparian buffers, 
erosion control, sinkhole closure and green infrastructure [12]. The objectives of 
this study were to assess microbial water quality and to determine potential 
sources of fecal contamination post restoration implementation in the Musco-
netcong River Watershed. Results from this study would improve understanding 
the status of microbial water quality and potential sources of contamination in 
the Musconetcong River Watershed and assist stakeholders to better control the 
fecal contaminations.  

2. Materials and Methods 
2.1. Field Sampling 

Nine study sites were selected throughout the Musconetcong River Watershed, 
New Jersey, based on past water quality monitoring results and local knowledge 
(Table 1 and Figure 1). Surface water grab samples were collected aseptically 
into 1 L sterilized polypropylene bottles at each study site. Five sampling events 
within a thirty-day time period were scheduled in August 2016, and July and 
August 2017. Sampling events were independent of weather events. Samples 
were placed immediately in a cooler filled with ice and transported to the Water 
Analysis Laboratory of Passaic River Institute at Montclair State University. 
Water samples were processed within 6 hours of water sample collection and fi-
nished processing within 8 hours of collection [16] [17]. Precipitation data were 
retrieved from New Jersey Weather & Climate Network at Stewartsville Station  
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Figure 1. Sampling sites in the Musconetcong Watershed, New Jersey, USA. 
This map was generated using ArcMap Version 10.6.1 (ESRI, Redlands, CA). 

 
Table 1. Locations of selected nine study sites within the Musconetcong Watershed, New 
Jersey, USA. 

Site ID Latitude Longitude Municipalitya Dominant Land Useb 

MW01 40.6047 −75.1727 Holland Forest 

MW02 40.6295 −75.1442 Pohatcong Forest 

MW03 40.6519 −75.0919 Bloomsbury Forest 

MW05 40.6723 −75.0605 Bethlehem Agriculture 

MW07 40.6828 −75.0386 Franklin Agriculture 

MW08 40.7044 −74.9882 Franklin Agriculture, Forest 

MW09 40.7044 −74.9879 Franklin Agriculture, Forest 

MW11 40.7112 −74.9684 Hampton Agriculture 

MW12 40.7209 −74.9632 Lebanon Agriculture 

aMunicipality of sampling sites were based on the access points to sampling locations. bDominant land use 
were estimated from NJDEP 2012 Land Use GIS layer downloaded from Bureau of GIS, Department of En-
vironmental Protection, State of New Jersey (http://www.nj.gov/dep/gis/lulc12.html). The area within 1 km 
radius of each sampling location was assessed. GIS processing was conducted using ArcMap Version 10.6.1 
(ESRI, Redlands, CA). 
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(https://www.njweather.org/, GPS: 40.65537, −75.1163). Distances from this 
weather station to the sampling locations range from 2.2 to 10.6 miles. Field 
measurement of temperature, dissolved oxygen, and specific conductance were 
performed using YSI Pro 2030 (YSI Incorporated, Yellow Springs, Ohio). Meter 
calibrations were conducted according to the user manual. 

2.2. Field Indicator Bacteria 

E. coli was selected as an indicator of fecal contamination for this study. Water 
samples were diluted with phosphate buffer (PB, pH 7.2) to one fifth and/or one 
twenty-fifth of original concentrations. Dilution factors were determined based 
on previous results and the weather condition at the time of sampling, targeting 
optimal colony counts between 20 to 60 colony forming units (CFU) per plate. 
Once dilutions were made, 100 mL of the original and/or diluted samples were 
filtered through mixed cellulose ester membrane filters (0.45 μm, 47 mm, Hach, 
Loveland, Colorado). Blank PB, PB spiked with E. coli and PB spiked with 
Pseudomonas aeruginosa were included for quality control purpose as blank, 
positive control, and negative control, respectively. After filtration, filters were 
then placed onto petri dishes containing mColiBlue24® Broth (Hach, Loveland, 
Colorado) and incubated at 35˚C for 24 hours. After the incubation period, the 
plates were inspected; colonies showing a blue/indigo color were recorded as E. 
coli. The results were reported as colony forming units (CFU) per 100 mL of 
water samples. 

2.3. Microbial Source Tracking  

A pair of sampling events in each year were selected for MST analysis (8/16/2016, 
8/18/2016, 7/11/2017, and 7/25/2017); one was selected to represent a dry weather 
event and another for a wet weather event. A wet weather event was defined 
when precipitation occurred within the 48-hour time period prior to water sam-
ple collection. Seven-hundred mL of each water sample were filtered for DNA 
extraction. Total DNA of the water samples was extracted using DNeasy Power 
Water Kit (Qiagen, Germantown, MD). The final eluate was 100 μL. The DNA 
concentrations and purity were checked with NanoDropTM 2000c Spectropho-
tometers (Thermo Fisher Scientific, Waltham, MA). Real-time polymerase chain 
reaction (qPCR) analysis was carried out using StepOnePlus Real-Time PCR 
System (Thermo Fisher Scientific, Waltham, MA). Primers used in this study, 
including human, cow, deer, Canada goose, and horse were selected or mod-
ified from published literature (Table 2) [18] [19] [20] [21]. Master mix stock 
solutions consisted of 1X PowerUp SYBR Green Master Mix (Applied Biosys-
tems, Foster City, CA) and 10 μM of forward and reverse primers. The pro-
grams for qPCR started at 95˚C for 10 min, followed by 40 cycles of DNA dena-
turation at 95˚C for 15 sec and reaction at 60˚C for 1 min. Melting curve pro-
grams were added at the end of the reaction to confirm the specificity of ampli-
fications.  
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Table 2. Real-time polymerase chain reaction (qPCR) primers used to conduct microbial source tracking in this study. 

Species Primers Sequence Target Amplicon (bp) References 

Human ForChu1 AGATAGTAGGCGGGGTACGG 16S rRNA Bacteriodes 61 modified from [18] 

 
RevChu1 ACCTTCCTCTCAGAACCCCTA 

   
Cow CowM3F CCTCTAATGGAAAATGGATGGTATCT 16S rRNA Bacteriodes 122 [20] 

 
CowM3R CCATACTTCGCCTGCTAATACCTT 

   
Deer Deer Forward TAACCCGATTCTTCGCCTTCCTC Mitochondrial DNA (cytb) 122 [21] 

 
Deer Reverse GTCTGCGTCTGATGGAATTCCTGAT 

   
Canada goose CanadaGooseFor CTAACATCCAAATCCCTCGACCCA Mitochondrial DNA (ND2) 77 [21] 

 
CanadaGooseRev TCCTATTCAGCCTCCTAGTGCTCT 

   
Horse Hof597F CCAGCCGTAAAATAGTCGG 16S rRNA Bacteriodes 129 [9] [19] 

 
Bac708R CAATCGGAGTTCTTCGTG 

   
 

Feces from human, cow, deer, Canada geese, and horse were collected locally 
and their DNA were extracted using QIAamp DNA Stool Mini Kit (Qiagen, Va-
lencia, CA). DNA from stool samples were used as templates to construct plas-
mid standards for qPCR analysis. Briefly, each target DNA fragment was ampli-
fied using corresponding forward and reverse primers (Table 2) in a Veriti 
Thermal Cycler (Thermo Fisher Scientific, Waltham, MA). Amplified DNA was 
examined on agarose gel and purified using DNA Clean & Concentrator (Zymo 
Research, Irvine, CA). The purified DNA was ligated into NEB® PCR Cloning li-
nearized vector (New England Biolabs, Ipswich, MA) and transformed into NEB® 
PCR Cloning competent cells by heat shock transformation (New England Bi-
olabs, Ipswich, MA). The recombinant plasmids were extracted using the QIA-
prep Spin Miniprep Kit (Qiagen, Valencia, CA). The inserted DNA were se-
quenced and checked against the Nucleotide BLAST Sequence Analysis Tool on 
NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) for sequence specificity. DNA 
concentrations were determined using a NanoDropTM 2000c Spectrophotome-
ters (Thermo Fisher Scientific, Waltham, MA). The copy numbers were derived 
using the following equation: 

( ) ( )
( )

23

9

concentrations of DNA 6.0221 10 molecules mole
Copy number

basepairs 660g mole 1 10 ng g .

 ∗ × =
 ∗ ∗ × 

 

For each species, ten-fold serial dilutions of target species genes with prede-
termined copy numbers were used to generate standard curves to quantify copy 
numbers of target species genes from total environmental DNA extract.  

Copy numbers of each host-specific marker were derived from standard 
curves of Ct (Cycle threshold, obtained from respective qPCR analysis) against 
standards of known concentrations of respective host-specific markers. For 
quality control purpose, 1) blank and no-template-control samples were in-
cluded 2) triplicate samples were performed, 3) the coefficient of determination 
(R2) of the standard curves must be greater than 0.99, 4) the coefficient of varia-
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tion (CV) among the triplicate samples must be within 15%. A sample with copy 
numbers higher than the respective detection limit was given a calculated copy 
number (expressed as copy numbers per 100 mL of water samples). A sample 
with no detection signal or with copy numbers lower than respective detection 
limits was absent of fecal markers and a value of zero was assigned for further 
analysis. A sample with calculated copy number lower than the lowest concen-
tration of standard was considered containing a minimal amount of fecal mark-
ers with higher uncertainty for quantitative analysis; therefore those results were 
excluded from quantitative analysis as suggested by Helsel [22].  

2.4. Statistical Analysis 

Statistical analysis was performed using R language (Version 3.4.4 [23]) using 
RStudiosoftware (Version 1.0.44 [24]). Shapiro-Wilk test was used to assess the 
normality of the data distribution [25]. If variables were found to not follow 
normal distributions, nonparametric Spearman’s correlation was carried out to 
test associations between E. coli and other parameters. 

3. Results and Discussions 
3.1. Field Indicator Bacteria 

The Musconetcong River and its tributaries were classified as FW2 waters under 
the current New Jersey Administrative Code, designated for primary contact 
recreation, industrial, agricultural, and public potable water supply (N.J.A.C. 
7:9B-1.12). Previous FIBs studies documented high levels of E. coli at various 
sampling locations within the watershed [12] [13] [14]. This study re-assessed 
water quality using FIBs in 2016 and 2017. This study found E. coli to be present 
at all nine sites across the Musconetcong River Watershed, with geometric mean 
ranging from 84 CFU to 414 CFU/100mL in August 2016, from 201 to 345 
CFU/100mL in July 2017, and from 94 to 202 CFU/100mL in August 2017 
(Figure 2). Compared to the New Jersey Surface Water Quality Standards, 2 
sites in August 2016 and all sites in both July and August 2017 were found ex-
ceeding the water quality standards of geometric mean of 126 CFU/100mL or 
the single sample maximum of 235 CFU/100mL (N.J.A.C. 7:9B-1.14). The water 
quality at the selected study sites in the Musconetcong River Watershed did not 
support the designated use for FW2 water or water for primary contact 
recreation, industrial and agricultural water supplies and public potable water 
supply. 

Precipitation brings in rainwater which can dilute the concentration of con-
taminants; however, runoffs caused by precipitation can also carry contaminants 
from surrounding land into the waterway, increasing the amount of contamina-
tions in water. Bushon and others reported significantly higher concentrations of 
E. coli were caused by storm events among multiple main stem and tributary 
sites throughout a multi-land use watershed [26]. Hsu and others also docu-
mented E. coli levels significantly correlated with preceding rainfall amounts  
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Figure 2. Geometric means of E. coli counts documented at the sampling sites in the 
Musconetcong Watershed, New Jersey, USA. Red line denotes indicate the New Jersey 
Surface Water Quality Standards Geometric Mean (126 CFU/100mL).  
 
within 24 hours, 48 hours, and 72 hours of water sample collection in an urban 
watershed [27]. The results of this study coincided with previously reported 
findings demonstrating positive correlations between E. coli and accumulated 
precipitation within 1 day (r = 0.23, p < 0.05), 2 days (r = 0.22, p < 0.05), and 3 
days (r = 0.29, p < 0.05) prior to water sample collection, indicating stormwater 
runoff may have played an important role in transporting E. coli from the sur-
rounding drainage area into the Musconetcong River [3]. A greater amount of 
precipitation was recorded in 2017. The mean accumulated precipitation within 
3-day prior to sample collection was substantially higher (0.37 inches) in 2017 
than that in 2016 (0.19 inches). The higher amount of precipitations docu-
mented in 2017 might have caused a higher percentage of samples exceeding the 
water quality standards for E. coli in 2017.  

This study also recorded water temperature, dissolved oxygen and specific 
conductance. Water temperature, dissolved oxygen (DO), and specific conduc-
tance at the study sites ranged from 13.5˚C to 25.3˚C, from 7.7 mg/L to 13.0 
mg/L, and 278.5 μS/cm to 1335.0 μS/cm, respectively, at the time of sample col-
lection. Correlation analysis of the study results (Table 3) demonstrated E. coli 
counts were found negatively correlated with temperature (r = −0.41, p < 0.05), 
negatively correlated with specific conductance (r = −0.40, p < 0.05), but posi-
tively correlated with dissolved oxygen (r = 0.25, p < 0.05), suggesting higher 
FIBs at water with a higher dissolved oxygen content, a lower temperature and a 
lower specific conductance during the summer months at the study sites. Al-
though negatively temperature-dependent E. coli survival patterns have been 
well reported in a variety of water sources, including river and streams [28], the 
results of the above correlation tests are likely to underestimate the complexity 
of the river ecosystem.  

3.2. Microbial Source Tracking 

Microbial contaminations can originate from various sources, such as leaking 
sewer lines, failing septic systems, domestic animals, livestock, wildlife, and 
stormwater runoff [3]. Arnone and Walling have summarized that a variety of 
fecal indicator bacteria, including E. coli, Enterococcus, or fecal coliforms, were  
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Table 3. The results of correlation analysis between E. coli and environmental parameters (temperature, dissolved oxygen/DO, 
and specific conductance) in this study. 

 
E. coli 
count 

Rain  
within 1d 

Rain  
within 2d 

Rain  
within 3d 

Temperature DO 
Specific  

conductance 

E. coli count 1 0.23* 0.22* 0.29* −0.41* 0.25* −0.4* 

Temperature −0.41 −0.04 −0.17* −0.33* 1 −0.37* 0.63* 

DO 0.25* 0.11 0.07 0.24* −0.37* 1 −0.31* 

Specific conductance −0.4* −0.21* −0.12 −0.31* 0.63* −0.31* 1 

*p < 0.05. 

 
best correlated with swimming-associated gastrointestinal illness in many epi-
demiological studies worldwide, including sewage or stormwater [2]. For exam-
ple, a failing wastewater treatment facility caused a waterborne outbreak in Lake 
Erie, USA, with 1450 gastroenteritis cases reported [29]. On the other hand, fecal 
materials can also come from wildlife and livestock sources (i.e. Canada geese, 
deer and cow) and could harbor true pathogens [27] [30] [31] [32] [33]. For 
example, instead of behaving like a true migratory bird, Canada geese have 
evolved into residential species, roaming various habitats in U.S. cities from city 
parks to agricultural fields to gravel pits. Feces are often found carpeting the 
ground and pose a threat to the water quality of nearby waterways and waterbo-
dies. Various pathogenic E. coli, such as Shiga toxin-producing E. coli (STEC), 
have been detected and isolated from Canada goose feces [27] [30] [33]. Deer is 
another wildlife species that has become a pest and a major concern in the U.S. 
urban and sub-urban communities. In addition to the notorious Lyme disease 
transmitted to human through the bite of deer ticks, deer feces also harbor a 
major type of STEC, E. coli O157:H7, which was believed to cause a foodborne 
outbreak through the consumption of strawberry in 2011 [32]. STEC have also 
been isolated from cattle feces, which is recognized as the most important natu-
ral reservoir for STEC [31].  

MST was conducted to identify and quantify potential sources of fecal conta-
mination with an ultimate goal to reduce inputs of fecal pollution. MST was pre-
viously used to assess potential sources of fecal contamination in the Musconet-
cong River Watershed. Unfortunately, only presence or absence of human and 
bovine fecal markers were included without quantitative results [12]. This study 
examined and quantified human and bovine as well as three additional markers, 
Canada goose, deer, and horse, at 9 study sites (both main stem and tributaries) 
throughout the Musconetcong River Watershed with a goal to discriminate spe-
cific sources of fecal contamination at each location. These potential sources 
were selected with an intention to provide data driven recommendation to aid 
future water quality management efforts. Different sampling locations may have 
distinct adjacent land use practices and may require individually designed resto-
ration plan instead of a cookie-cutter approach. Site-specific results would ena-
ble stakeholders to develop a site-specific restoration plan targeting specific 
source(s) of contamination. 
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Table 4. Presence of host-specific markers in this study (C: Cow; D: Deer; G: Canada 
Goose; H: Horse; U: Human). 

 
8/16/2016 8/18/2016 7/11/2017 7/25/2017 

MW01 D, G, H, U D, G*, H*, U U* None 

MW02 D, G, H, U D, G, U None D 

MW03 D, G, U C*, D, G, U U None 

MW05 D, G, U D, G, H, U D, U* U 

MW07 D, G, U D, G, U D, U* None 

MW08 D, G, H, U D, G, U U C 

MW09 D, G, U D, G, U None C 

MW11 D, G, U D, G, U U D, U* 

MW12 D, G, U D, G, U D, U U 

*Interpolated copy numbers higher than the lowest concentration of standards. 

 
Based on presence or absence of markers, the human-specific marker ac-

counted for the greatest percentage of presence (77.8%) overall in the nine sites 
for both 2016 and 2017, followed by deer (63.9%), Canada goose (50.0%), horse 
(13.9%), and cow (8.3%). MST analysis indicated human and wildlife (deer and 
Canada geese) were the major sources of fecal contamination among the five 
markers tested at the study sites; however, sporadic fecal contributions from cow 
and horse were also substantial. 

Table 4 showed presence of host-specific markers in each sampling locations 
and dates. It is worth highlighting the samples with quantifiable copy numbers 
of DNA markers, including cow-specific marker were found at MW3 on 8/18/2016; 
Canada goose-specific marker at MW1 on 8/18/2016; horse-specific marker at 
MW1 on 8/18/2016; human-specific marker at MW1, MW5, and MW7 on 
7/17/2017 as well as at MW11 on 7/25/2017. These higher copy numbers of 
host-specific markers may be attributed to storm events on 8/18/2016 and 
7/25/2017. Bushon and others reported significant increases in host-specific 
markers during storm events among multiple main stem and tributary sites 
throughout a multi-land use watershed [26].  

4. Conclusion 

This study documented a high frequency of bacterial water quality standard vi-
olations at the selected nine study sites within the Musconetcong River Wa-
tershed. However, this result only reflects temporary status of microbial water 
quality at the time of water sample collection since the study only encompassed 
five sampling events within one month in 2016 and ten within two months in 
2017. Future study incorporating a more frequent and longer-term sampling 
scheme is recommended to further confirm the status of bacterial water quality. 
Additionally, this study only included a pair of dry and wet weather events in 
each year for microbial source tracking to identify sources of fecal contamina-
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tion. A more frequent and longer-term sampling scheme covering more dry and 
wet weather events would also help elucidate the impacts of precipitation on 
study results, especially under the current trend of extreme weather events, as 
deteriorated water quality is often related to wet weather [34]. Nevertheless, this 
study has laid the groundwork for examining the bacterial water quality and 
demonstrating the usefulness of microbial source tracking when determining 
specific source(s) of fecal contamination. The results of this study will enable 
environmental managers in the Musconetcong Watershed to identify the best 
management practices most suited to control the specific fecal contamination 
identified.  
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