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Abstract

In this study, we assessed six Oklahoma streams for Enterococcus sediment and water concentrations along with water quality,
sediment, hydrologic and geographical factors. We also conducted a microcosm experiment from two stream sediments to
evaluate Enterococcus survivability under stable laboratory conditions. Stream sites exhibited common relationships between
Enterococcus and other environmental factors, including significant correlations to antecedent dry period, Escherichia coli,
impervious area, dissolved oxygen, and turbidity. These correlations were found for Enterococcus in both water and sedi-
ment. Specifically for Enterococcus in sediment, concentrations were also significantly correlated to turbidity and sediment
percent organic matter, but not to hydrological conditions. Conversely, concentrations of Enterococcus in water exhibited
significant moderate correlations to precipitation, antecedent dry period, drainage area, impervious area, and discharge, as
well as streambed particle size. High variability between geographical attributes and stream conditions increased uncertainties
and relationships between Enterococcus concentrations in the stream among most factors. However, when grouping sites by
similar watershed and sediment characteristics, strong significant relationships for water-quality parameters and Enterococcus
concentrations in water and sediment were observed. The microcosm study indicated that sediment Enterococcus concentra-
tions for two streams with contrasting sediment properties were stable, except for a considerable increase between day 0 and
day 1, with no decay shown for a 31 day period. Collectively, our field and laboratory results revealed that Enterococcus can
survive for extended periods under both dynamic and stable sediment and water conditions, and that environmental factors
can be used to characterize freshwater streams and rivers for Enterococcus concentrations in freshwater streams and rivers.
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Introduction and Stewart 2020). Fecal indicator bacteria (FIB)—Escheri-

chia coli and Enterococcus—are commonly used as a meas-

Pathogens from environmental and anthropogenic sources
have the potential to degrade water quality below that
required for beneficial use of streams and rivers (Holcomb
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ure to determine potential fecal contamination in freshwater
streams and rivers for the United States Environmental Pro-
tection Agency (USEPA) 303(d) impairment determination
and beneficial uses (OWRB 2017; USEPA 1986; USEPA
2012). FIB concentrations used to determine human-health
risk, PBCR, were established by the USEPA through a series
of studies of marine and freshwater beaches in the 1980’s
(USEPA 2012). Water thresholds for impairment are related
to number of gastrointestinal illnesses versus FIB concen-
trations (UESPA 1986, 2012). From these previous studies,
Enterococcus has been assumed and established as a quality
indicator of human-health risk for all recreational waters,
including streams and rivers. E. coli is well documented
in literature as a quality indicator bacterium in freshwater
for predicting human-health hazards and fecal contamina-
tion in both lentic and lotic freshwater bodies (Odonkor and
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Ampofi 2013). Conversely, limited information is available
to understand the dynamics of Enterococcus populations in
freshwater lotic waterbodies.

There is evidence to suggest from related research,
including recent USEPA work, that Enterococcus in fresh-
water bodies from environmental and animal sources may
not be the best indicator for human-health risk (Cloutier
and McLellan 2017; USEPA 2010). Previous studies have
deducted that due to the number of non-human Enterococ-
cus sources in the environment such as animal feces, soils,
plants, and decaying matter that Enterococcus can replicate
and survive outside of enteric environments (Boehm and
Sassoubre 2014; Byappanahalli et al. 2012; Devane et al.
2020). Enterococcus is often used as a primary stable indi-
cator in brackish or saline waters, whereas E. coli is often
considered a more sensitive indicator in freshwater envi-
ronments for fecal contamination (Jin et al. 2004). Recent
research indicates that temporal and spatial factors due to
climate change, seasonality and environmental conditions
may impact how we currently assess waterbodies for fecal
contamination, specifically Enterococcus as an indicator
in freshwater (Petersen and Hubbart 2020; Teixeira et al.
2020). Furthermore, these factors may have an impact on
FIB concentrations in streams and rivers as bacteria colonies
have been shown as dynamic and in constant flux between
the sediment and stream column (Litton et al. 2010; Stocker
et al. 2016).

Bed sediments in streams are known to be stable reser-
voirs for the persistence and proliferation of Enterococcus
in the environment that have the potential to be reintroduced
into the water column through flow changes and bed distur-
bances within the stream (Bradshaw et al. 2016; Brinkmeyer
et al. 2015; Haller et al. 2009). A study by Stocker et al.
(2019) indicated that FIB can display persistence in peri-
phyton and can contribute as a source of Enterococcus in
sediment and the water column. Sediment and submerged
aquatic vegetation may provide a reservoir of Enterococcus
populations that do not correspond with external contami-
nant sources (Badgley et al. 2010). Therefore, additional
research is needed to quantify environmental factors that
may play roles in Enterococcus survivability.

Our research team is not currently aware of similar
research that has been completed in for Enterococcus in
freshwater streams in Oklahoma or elsewhere. With more
than 260,000 km of rivers and streams and 88,000 km of
shoreline, Oklahoma is known for its water recreation and
tourism opportunities (OWRB 2020). However, Oklahoma
currently has over 12,000 km of streams that are listed on
the 2020 303(d) list for both E. coli and Enterococcus,
which are used for primary body contact recreation indica-
tors (PBCR) as defined in Chapter 45 of Oklahoma Water
Quality Standards (ODEQ 2020; OWRB 2020). The results
of this study are intended provide insight on how to approach
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fecal indicator bacteria analyses for beneficial use criteria
and identify any factors that can be used to predict bacteria
loads when developing monitoring strategies in freshwater
streams and rivers. In this paper, we describe results from
a field and microcosm study in six Oklahoma streams to
evaluate Enterococcus survivability in streams and potential
environmental factors that have influence on their persis-
tence in the environment.

Methods
Field study

Six perennial Oklahoma streams representing variable
sediment types, flow conditions and ecoregions were
monitored for FIB and water quality weekly for 10 weeks
from July—September 2021 in the stream water column and
benthic substrate. Water quality parameters, sediment and
water samples, and hydrologic measurements were col-
lected to evaluate and compare the stream reaches. Stream
sampling points were selected to represent varied site
conditions (e.g., urban, rural, ecoregion) and associated
stream reaches were listed as impaired for both Entero-
coccus and E. coli in the most recent 2020 USEPA 303(d)
list (ODEQ 2020). The sites monitored were located in
the Upper Neosho-Grand (n=35) and Upper Canadian
basins (n=1) to provide a geographic contrast to evaluate
between varied stream types in Oklahoma (Fig. 1). Stream
sediments were characterized during site reconnaissance
and ranged from silty sand to medium gravel. A particle
size distribution using method ASTM 6913 was performed
in the laboratory to confirm the median particle size (D50)
for each stream. Drainage area for each site was calcu-
lated from the pour point at the site location and deline-
ated using U.S. Geological Survey (USGS) Stream Stats
(Smith and Esralew 2010). Percent impervious area was
calculated using the 2019 National Land Cover Dataset
Imperviousness class from the USGS and using the Extract
by Mask tool in ArcGIS 10.8 to clip the raster layer to
the watershed area as delineated in USGS Stream Stats.
Percent imperviousness for the purposes of this study was
determined where percent imperviousness of the layer was
greater than or equal to 10% of the raster grids, which is a
typically used cutoff for when rivers and streams begin to
erode, and sediment has the potential to be transported in
the stream (Chithra et al. 2015). Sediment samples were
sent to an external laboratory to determine percent organic
matter for each sediment using Loss on Ignition (LOI)
methods (Ball et al. 1964). Sampling visits were conducted
during expected baseflow conditions to reduce potential
variability of external influences (i.e., runoff), based on
historical precipitation and stream flow for the sampling
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Fig. 1 Map showing sampling
site locations, delineated
watershed basins of sampling
sites and associated river drain-
age basins of Bird Creek (1),
Cat Creek (2), Dog Creek (3),
Hogshooter Creek (4), Hominy
Creek (5) and Walnut Creek (6)
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period of July through September in Oklahoma. However,
samples were collected weekly, regardless of precipitation
or change in streamflow, which allowed for analysis of
variable hydrologic conditions.

Site information collected on ten weekly occasions
included hydrologic conditions, water samples, sediment
samples, water-quality parameters and other relevant water-
shed and stream information. Specifically, water-quality
parameters (pH, dissolved oxygen [DO], water temperature
[T1], specific conductance [SC], turbidity, total suspended
solids [TSS]), and hydrologic parameters (stream discharge,
and precipitation [nearest Oklahoma Mesonet station 24 h
precipitation]) were collected along with bacteria water and
sediment samples. Bacteria samples were collected based on
USGS methods for collecting water samples (USGS 2014).
A representative water sample (well-mixed, with adequate
flow) was collected at the thalweg of the stream. Samples
were stored on ice during field transport and lab storage and
were processed within a 24 h hold time. Additional stream
water was collected in 1-L polypropylene bottles and cooled
to <6 °C for total suspended solids and turbidity analysis.
Antecedent dry period days were calculated from daily
Oklahoma Mesonet rainfall (Brock et al. 1995; McPherson
et al. 2007). Water quality parameters (pH, DO, SC, T) were
measured in-situ using an Orion Star"~ A325 portable multi-
meter (Thermo Fisher Scientific, Waltham, MA). Turbidity
was measured with a Hach® 2100Q (Hach Company, Love-
land, CO) portable turbidity meter. TSS was calculated by
following ASTM 2540D. Stream discharge was measured
using a SonTek FlowTracker2® Handheld-ADV® (SonTek
YSI, San Diego, CA).

Microcosm study

A microcosm study was conducted from two streams, Cat
and Walnut, to replicate stream conditions in a controlled

environment to understand survivability of bacteria cells.
Sample water and sediment from the upper 5 cm of the
benthic stream substrate in the thalweg were collected in
290 ml sterile polystyrene bottles during April 2021. Stream
temperatures in the water column were 17 °C and 16 °C,
respectively, for Cat and Walnut during time of sediment
collection. A total of 22 bottles for each site were collected
with approximately 150 ml of stream water and 100 ml of
sediment by volume. The microcosm trial was set up in an
analogous manner as those routinely performed using soils
(Schmidt and Scow 1997). The microcosm container tops
(polystyrene collection bottles) were loosely covered with
aluminum foil and the sides and bottoms were wrapped tight
with aluminum foil to simulate a controlled, dark environ-
ment. The containers were held at a constant room tempera-
ture of 22 °C in a laboratory and placed on a horizontal
orbital shaker at 100 revolutions per minute to encourage
aerobic mixing as found in natural streambed conditions.
For each day of analysis, two bottles from each site were
removed randomly from the storage location on days O, 1,
2,5, 10, 17, 24 and 31, and preserved and processed using
methods described below in Sect. “Microbiological analy-
sis”. Day 0, when the samples were collected, were pro-
cessed upon arrival to the lab within 24 h to determine initial
concentrations of FIB from stream conditions. A decay rate
was calculated for a 31 day period for each microcosm based
on methods from Anderson et al. (2005) and Badgley et al.
(2010) to understand and relate decay rates to similar studies
using the following equation:

. [In(,) _h‘(No)]’ (1)

where r=decay rate, N,= Enterococcus Most Probable
Number (MPN) 100 ml~! at time ¢, N, = Enterococcus MPN
100 mI~! at time zero, and #=time (31 days). The magnitude
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of the r value is relative where a positive value indicates
positive growth, and a negative value indicates decay.

Microbiological analysis

Bacteria water samples were processed using the IDEXX
most probable number (MPN) methods as defined under
SM9223B and SM9230D for E. coli and Enterococcus con-
centrations, respectively (Baird et al. 2012). Sediment sam-
ples were stored in the dark at <6 °C and processed within
24 h for Enterococcus using sodium pyrophosphate micro-
bial detachment and soil dispersion methods modified from
Ogram et al. (2007). A 2% sodium pyrophosphate solution
was developed by mixing the tetrasodium pyrophosphate
with sterile, reverse osmosis (RO) water, and then adjusting
the pH to 7.0. Sediment samples were processed by carefully
decanting the water from the top of the bottle using a sterile
serological pipetter. Next, 200 ml of pyrophosphate solu-
tion was added to the bottle containing saturated sediment
and the samples were dispersed by capping the bottles and
manually shaking them vigorously for two minutes before
they were placed on a horizontal orbital shaker at 200 revo-
lutions per minute for 15 min. Serial dilutions were made
(1:100, 1:500, 1:1000) from the sediment and pyrophosphate
samples with buffered (7.0 pH) sterile RO water. Diluted
samples were processed as water samples using standard
methods (SM9230D) as previously described in this section.

Quality control

Quality control samples, which included duplicates, field
blanks and lab blanks, for field FIB enumeration were con-
ducted at a rate of 5% for all water and sediment samples
collected. Average duplicate results were +22% (SD=15%)
for all samples and no positive counts resulted from field
or laboratory blanks. All field and laboratory water-quality
meters were calibrated per specification standards once per
week. Turbidity readings were taken five times for each sam-
ple and the median value was reported. TSS sample blanks
and duplicates were performed at a rate of 5% of samples.

TSS sample duplicates were within +5% for each sample
and lab blanks reported a <0.01% change in filter mass.

Data analysis

Data were analyzed using Microsoft Excel® software and R
Studio statistical software to evaluate statistical inferences
between bacteria, water quality and hydrologic metrics. Cor-
relations between water quality, sediment, hydrology, and
bacteria parameters were analyzed using the ‘stats’ pack-
age within R using the correlation and Pearson functions.
A Pearson correlation matrix was used to evaluate trends,
specifically for parameters related to Enterococcus sediment
and water concentrations, and a Welch’s t test was used to
determine significance. Prior to the correlation analysis, data
were evaluated for skewness and log-transformations were
performed (Helsel et al. 2020). A Kruskal-Wallis test in
R was performed to evaluate differences among means of
watershed characteristics from Table 1 (n=6) (R Core Team
2013). For bacteria concentrations, a geometric mean was
used to normalize right skewed data and is often used for
regulatory limit reports for primary body contact recreation
for Enterococcus and E. coli (OWRB 2017). A log-linear
regression (a@=0.05) was used to evaluate the field sampling
time-series Enterococcus sediment concentration data (R
Core Team 2013). An antecedent dry period was calculated
using a custom script in R by calculating consecutive run
length of days less than 2.54 mm precipitation for the sam-
pling days and site locations. The closest Oklahoma Mesonet
stations were spatially matched to the water-quality sampling
locations in ArcGIS.

Results and discussion

Site information collected for watershed and soil char-
acteristics are presented in Table 1. Drainage area (DA),
impervious drainage percentage (IA), particle size (D50)
and percentage organic matter (OM) were analyzed by

Table 1 Descriptive D

; . Group Stream name Drainage  Percent Particle size Particle texture class  Percent
geographical and S,Oll d.ata.for area (km?) impervi- D50 (mm) organic
each stream sampling site in the ous matter
study

1 1 Bird 2940 9 1.78 Med-coarse sand 24
5 1 Hominy 1060 2 0.26 Fine silty sand 1.0
6 1 Walnut 523 5 0.38 Fine-med sand 0.4
2 2 Cat 25 5 5.08 Fine-med gravel 1.2
3 2 Dog 270 11 8.89 Fine-med gravel 0.6
4 2 Hogshooter 109 2 10.7 Medium gravel 0.1

ID corresponds to the map Site ID in Fig. 1
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ranking parameters. A Kruskal-Wallis test was performed,
and a significant difference (p <0.001) was shown between
all sites for all parameters. From these results, two groups
were identified for further exploration of factors based on
significant differences (p <0.001) in DA, D50 and particle
texture class from a Kruskal-Wallis test between the groups.
No significant difference (p > 0.05) between the groups for
all sites was identified for impervious drainage and percent
organic matter. However, two of the smaller sites (Location
[ID] 2 and 5) were subdrainages of the larger drainages of
ID 2 and 3, respectively (Table 1). Hogshooter and Walnut
were hydrologically disconnected from the other watersheds.
The two groups identified for further analysis based on simi-
lar stream characteristics were Group 1: site ID 1 (Bird), 5
(Hominy) and 6 (Walnut), and Group 2: site ID 2 (Cat), 3
(Dog) and 4 (Hogshooter).

Field study

Summary statistics from sediment and water samples from
six creeks were monitored for ten weekly sampling events
for FIB and water-quality parameters and results are pre-
sented in Table 2.

Enterococcus in sediment

Samples were collected over 10 consecutive weeks to iden-
tify trends between weeks and understand background levels
of Enterococcus in streambed sediments during a primary
body contact recreation sampling period. Overall, sedi-
ment Enterococcus concentrations were variable between
sampling weeks for all locations. Only one significant rela-
tionship was determined from a log-linear regression for
concentration versus time at Hominy (p <0.001), where a
decreasing trend was shown over the sampling period. No
other significant relationships (p >0.05) were determined
for the other locations. The maximum recorded concentra-
tion for all sites was Bird on July 26 at 3951 MPN/g wet
sediment, and the minimum concentration for all sites was
1.3 MPN/g wet sediment at Walnut on August 31. The geo-
metric mean for all sites was 122 MPN/g wet sediment and
geometric means ranged from 18 MPN/g wet sediment at
Walnut to 472 MPN/g wet sediment at Bird (Fig. 2).
Notably, sediment samples from the week of July 27 and
August 17 showed a mean increase of 79% (SD + 16%) in
Enterococcus sediment concentrations. Average ADP at
the nearest Oklahoma Mesonet station for those days at all
sampling locations was 1.6 days for precipitation less than
2.5 mm and an average precipitation of 3.6 mm whereas on
all the other sampling dates the ADP was 3.3 days and an
average precipitation of 1.3 mm in the previous 24 h period.
The relationship between ADP and FIB concentrations is

evaluated further in Sect. “Environmental factor correla-
tion”. The time-series results indicate that Enterococcus
concentrations in sediment, regardless of location or time,
are consistent with previous studies showing viable stre-
ambed populations that have the potential to interact with
the water column (Brinkmeyer et al. 2015).

Environmental factor correlation

Summary statistics (mean, minimum, maximum and stand-
ard deviation) were calculated for the 12 stream metrics col-
lected over a period of 10 sampling visits (Table 2). Log
transformations were performed for discharge, turbidity,
total suspended solids, E. coli water, Enterococcus water,
and Enterococcus sediment based on methods from Helsel
et al. (2020) to reduce skewness. Results from the Pearson
correlation matrix values ranged from a strong linear posi-
tive correlation of 1 to a strong linear negative correlation
of — 1 and significance was determined as p <0.05. Val-
ues between +0.3 and 0.7 are moderately correlated, val-
ues less than + 0.3 are weakly correlated and values greater
than +0.7 are strongly correlated, in respect to positive or
negative values. Factors were explored by each stream for
all factors and by the two groups previously identified by site
characteristics. A correlation matrix with significant param-
eters is displayed in Fig. 3.

Significant parameters (p < 0.05) related to Enterococ-
cus water concentrations included moderate positive correla-
tions to E. coli water concentrations (0.5), median particle
size (D50) (0.47), percent impervious area (IA) (0.42), and
24 h precipitation (0.41). Weak negative correlations were
observed for Enterococcus water concentrations to percent
drainage area (DA) (— 0.5), dissolved oxygen (DO) (— 0.41),
discharge (— 0.4) and antecedent dry period (ADP) (— 0.38).
Enterococcus sediment concentrations displayed moderate
positive correlations to E. coli (0.45), Enterococcus water
(0.4), and weak positive correlations to IA (0.38), percent
organic matter (OM%) (0.38), and turbidity (0.36). Nega-
tive weak correlations were shown for Enterococcus sedi-
ment to conductivity (— 0.38) and dissolved oxygen (DO)
(— 0.38). Based on correlation comparisons, Enterococcus
in the sediment does not appear to be significantly influenced
by hydrology but does appear to correlate to sediment differ-
ences such as OM% and turbidity. However, Enterococcus
water concentrations and precipitation and discharge were
moderately correlated, which corresponds to previous stud-
ies showing precipitation influence on FIB water concentra-
tions in freshwater streams from external influences (Ibekwe
etal. 2011). ADP displayed a moderate negative correlation
for both water and sediment Enterococcus concentrations,
indicating that potential dry periods allow for concentrations
to decrease in the water column due to reduced fluctuation in
hydrology that could disrupt sediment from increased runoff.
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Table 2 Summary statistics of water quality, hydrologic and fecal indicator bacteria (FIB) concentrations for sampling locations during the field
sampling events (n=10)

24 h Precipitation (mm) Antecedent dry period (days)

Location Mean Min Max SD Mean Min Max SD
Bird 0.41 0 3.30 1.04 4 1 8 3
Cat 1.12 0 9.14 2.89 3 0 8 3
Dog 0.99 0 9.14 2.87 3 0 8 3
Hogshooter 1.83 0 18.29 5.78 5 0 23 7
Hominy 0.41 0 3.30 1.04 4 1 8 3
Walnut 0.79 0 5.84 1.89 6 0 14 5
Discharge (m’s™") Dissolved oxygen (mg L")

Location Mean Min Max SD Mean Min Max SD
Bird 20.95 4.45 82.97 29.28 7.13 6.32 8.34 0.63
Cat 0.07 0.01 0.39 0.12 53 2.34 7.14 1.38
Dog 0.68 0.01 2.45 0.98 4.77 2.51 6.87 1.70
Hogshooter 0.72 0.01 4.00 1.22 6.45 5.85 7.13 0.40
Hominy* 5.13 NA NA NA 7.98 7.44 8.97 0.56
Walnut 1.58 0.62 4.46 1.12 7.46 6.98 8.47 0.43
Enterococcus water (MPN g_l) Enterococcus sediment (MPN g‘l)

Location Geo-mean Min Max SD Geo-mean Min Max SD
Bird 265 86 3873 1162 305 5 3951 1313
Cat 2939 448 9678 2731 472 36 2278 701
Dog 1636 241 9678 2724 266 38 1674 619
Hogshooter 1399 373 9678 2725 57 10 480 166
Hominy 589 168 1102 337 59 36 256 83
Walnut 324 98 7945 2476 18 1 980 322
E. coli water (MPN 100 mI™") pH

Location Geo-mean Min Max SD Mean Min Max SD
Bird 65 4 1935 593 7.96 7.70 8.75 0.30
Cat 367 48 2595 942 7.88 7.48 8.80 0.39
Dog 113 4 1741 529 7.62 7.15 8.76 0.50
Hogshooter 166 30 6212 1921 8.11 7.73 8.90 0.40
Hominy 70 48 100 21 8.06 7.57 9.05 0.58
Walnut 129 16 1670 670 8.36 8.19 8.51 0.10
Specific conductance (uS cm™") Turbidity (NTU)

Location Mean Min Max SD Mean Min Max SD
Bird 342.9 240.8 389.7 574 55.9 20.7 215.0 58.7
Cat 556.9 435.6 689.3 109.1 244 5.8 73.2 21.8
Dog 242.4 28.6 350.6 91.2 23.8 8.0 47.4 14.6
Hogshooter 403.0 172.0 510.5 115.3 334 4.5 185.0 54.1
Hominy 252.6 232.5 270.9 11.1 25.1 19.1 38.4 6.4
Walnut 740.5 532.7 807.7 86.1 47.1 10.4 227.5 65.3
Water Temperature (°C) Total Suspended Solids (mg L")

Location Mean Min Max SD Mean Min Max SD
Bird 26.2 22.0 28.9 2.5 8.2 1.0 36.0 13
Cat 25.5 22.6 26.9 1.4 0.8 0.3 2.0 0.6
Dog 26.3 23.5 28.5 14 1.7 0.4 5.0 1.6
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Table 2 (continued)

Water Temperature (°C)

Total Suspended Solids (mg L)

Location Mean Min Max SD Mean Min Max SD
Hogshooter 244 21.2 259 1.5 33 0.4 13.0 4.1
Hominy 21.5 18.9 22.5 14 6.1 1.0 15.0 5.7
Walnut 30.7 25.0 33.8 3.0 5.5 1.0 26.0 8.4
Fig.2 Time-series of Entero- =5-Bird O—Cat S Dog

coccus sediment concentrations — Hogshooter »— Hominy «fe- Walnut

(log scale) for sampling sites 10000 -

during July—September for a
total of 10 sampling visits at
each of the six locations. MPN
most probable number

1000

100

Enterococus Sediment MPN g-!
=

Previous research similarly found that ADP has the potential
to influence FIB by creating a flushing effect in the stream
sediments and can potentially be used as a predicting factor
for bacteria concentrations (Christian et al. 2020; Phillips
et al. 2011).

Relationships between E. coli and Enterococcus in both
the sediment and water are key considerations for evaluat-
ing fecal indicators as E. coli is used as a primary indicator
of recreational criteria and is often related to Enterococ-
cus concentrations (Stocker et al. 2019). We found that E.
coli was not significantly related to sediment (TSS, OM,
D50) or other water-quality parameters except for turbidity
(0.48). However, E. coli was moderately correlated to sedi-
ment and water Enterococcus concentrations, which corre-
sponds to results in previous studies of freshwater streams
where sediment was found to be a significant contributor to
E. coli and Enterococcus in the water column (Brinkmeyer
et al. 2015). Similarly, others have indicated relationships
between watershed characteristics (i.e., percent impervious-
ness and watershed area) and E. coli. that corresponds with
our correlation results for both fecal indicator bacteria (Chen
and Chang 2014). Correlation of these two fecal indicators

7/6 713 7120 7727

8/3
Date

8/10 8/17 8/24 8/31 9/7 9/14

is important because there is evidence that suggests water-
quality monitoring for human health can be impacted by
naturalized bacteria that are potential reservoirs and sources
of contamination in freshwaters (Devane et al. 2020).
Hydrologic characteristics within watersheds and stream
reaches are often used to evaluate water-quality trends for
abiotic and biotic factors (Bojarczuk et al. 2018; Economy
et al. 2019). Discharge showed a significant moderate nega-
tive correlation (— 0.4) for Enterococcus water concentra-
tions and no correlation with Enterococcus concentrations,
potentially indicating that small fluctuations in flow are not
as representative for evaluating Enterococcus concentra-
tions without additional water-quality parameters measured
such as turbidity and TSS. Discharges for this study were
magnitudes smaller than what would typically occur during
the spring or fall precipitation events and discharge could
play a more important role for correlating FIB concentra-
tions during high flow conditions (Garbrecht et al. 2004).
Additionally, smaller order streams and mixed land use, as
most of the streams in this study represent, potentially have
higher hydrologic variability and influence from precipita-
tion events than higher order streams on FIB concentrations
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Fig.3 Pearson correlation matrix of all parameters measured from
field water samples and associated soil, geographical and hydrologic
data. The correlation matrix values range from a strong linear posi-
tive correlation of 1 indicating a very strong positive correlation to
a negative correlation of — 1 indicating a very strong negative linear
relationship. Values and blocks shown are those that showed a sig-

(Dila et al. 2018; Zhang et al. 2020). Furthermore, drain-
age area showed a moderate negative correlation to Entero-
coccus water correlations, which could be due to potential
dilution from precipitation and other watershed inputs (i.e.,
mixed land use) that could influence Enterococcus concen-
trations in the stream column (Islam et al. 2017). No sig-
nificant relationship for E. coli, Enterococcus sediment or
water and TSS was determined for this study, which may
be indicative of the distribution of streambed particle sizes
and external influences of suspended particles. Other stud-
ies have shown that turbidity is often a stronger predictor of
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ADP antecedent dry period, OM organic matter, D50 median particle
size, DA drainage area, /A impervious area. Parameters that were log-
transformed are indicated by “log” before the description

fecal indicators, and that the particle-bound Enterococcus
relationship is not well-understood (Suter et al. 2011).

Based on Group 1 and Group 2 identified earlier in
Sect. “Field study”, factors between each group were
explored to determine if watershed and water-quality charac-
teristics potentially influenced Enferococcus concentrations
in streams. A log—log regression was performed to evalu-
ate prediction between Enterococcus sediment and water.
Results showed that Group 1 had an R? of 0.003 and Group 2
had an R? of 0.51 and a significant difference (p <0.05) was
shown between groups for Enterococcus water and sediment
from a Welch’s ¢ test (Fig. 4).
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Stream characteristics between Group 1 and Group 2
were evaluated to determine if relationships existed between
Enterococcus water and sediment concentrations. Signifi-
cant differences between means (p < 0.05) resulted for DO,
pH, discharge, Enterococcus water, OM, TSS, D50, DA, IA,
turbidity, and E. coli water. Conversely, no statistical dif-
ferences (p > 0.05) were found for Enterococcus sediment,
temperature, conductivity, precipitation, and ADP.

Relationships within each group were then compared
to determine where relationships exist, if any, and if any
parameters correlated to Enterococcus sediment and water
concentrations. Results indicate that within Group 1, dis-
charge (0.56), turbidity (0.56), OM (0.54), DA (0.53), and
D50 (0.45) showed significant moderate correlations within
Enterococcus sediment. Escherichia coli (0.43) and turbid-
ity (0.4) resulted in a moderate positive correlation with
Enterococcus water concentration, and conductivity (SC)
(— 0.52) and ADP (— 0.54) were moderately negative corre-
lated with Enterococcus sediment. Within Group 2, however,
Enterococcus sediment indicated significant positive mod-
erate correlations for OM (0.54), E. coli (0.48), 1A (0.46),
water temperature (0.46), and a negative moderate correla-
tion for D50 (— 0.5) and ADP (— 0.48), while Enterococcus
water concentrations showed positive moderate correlations
between precipitation (0.55), E. coli water (0.48), turbidity,
(0.5), TSS (0.48)), water temperature (0.41) and a negative
moderate correlation for ADP (— 0.52). The relationship
within Group 2 for Enterococcus water and Enterococcus
sediment had a significant strong positive correlation (0.71),
whereas no significant relationship was found in Group 1.
The similarities between groups for both Enterococcus

Fig.4 Scatter plot of log 4.0
Enterococcus water versus S
log Enterococcus sediment -
concentrations from water and § 3.5
sediment samples collected dur- %
ing the field study over a period =
} o 3.0
of 10 sampling events for Group Q
1: site ID 1 (Bird), 5 (Hominy), 8
and 6 (Walnut), and Group 2: S 2.5 1 e N —
site ID 2 (Cat), 3 (Dog), and 4 &
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line are associated equations —
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sediment and water concentrations were turbidity and E.
coli, and ADP and OM for Enterococcus sediment.

Previous research has indicated that sediment and par-
ticles are related to persistence of Enterococcus in the
water column, and our results similarly demonstrate that
smaller drainages may be easier to predict the concentra-
tions of Enterococcus from hydrological (precipitation
and discharge) and sediment characteristics (turbidity,
TSS, D50) (Myers and Juhl 2020). From the sediment
characteristics, TSS, turbidity, OM and D50 were signifi-
cantly different between each group. Brinkmeyer et al.
(2015) found that most Enterococcus in the water col-
umn were correlated with suspended sediment from silt
to fine sand grains, and Haller et al. (2009) showed that
smaller particles have the potential to resuspend FIB and
have higher interaction with the water column. Between
the two groups, Group 2 had a larger mean size substrate
(gravel size particles), lower OM, lower discharge, and
lower mean turbidity and TSS, which resulted in reduced
variability between Enterococcus concentrations in the
sediment and water. In larger streams and river drainages,
where suspended sediment and higher OM from higher
turbulent discharge is possible, such as found in Group
2 in this study, Enterococcus concentrations in sediment
and water may be highly variable due to the continuous
interaction between the streambed and water column
(Grant et al. 2011).

Differences between sites were highly variable for all
site characteristics, hydrology, and water-quality param-
eters versus Enterococcus concentrations in sediment and
water. Conversely, similarities existed between groupings
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of sites (i.e., drainage area) and could provide insight
when selecting sites for monitoring and evaluation of
water quality and impairment for Enterococcus. Similar
research has revealed that grouping watershed and stream
characteristics can be important when developing spa-
tial and temporal monitoring studies (Piorkowski et al.
2014; Stocker et al. 2016). We found that when evaluat-
ing streams for Enterococcus concentrations, hydrologic
and geologic factors such as discharge, sediment (OM,
turbidity, TSS, D50), antecedent dry period, and drainage
and impervious area may be influential on where to moni-
tor streams and expected relationships of environmental
factors. Furthermore, water-quality parameters (TDO and
pH) were shown in this study to be significantly different
depending on the watershed and could be important con-
siderations when evaluating Enterococcus levels within
in stream. The variability of these characteristics was
shown to increase uncertainty of predictors for determin-
ing Enterococcus concentrations, regardless of stream
conditions (i.e., water-quality parameters).

Microcosm study

A microcosm study for two streams, Cat, and Walnut, was
performed for a period of 31 day to investigate the sedi-
ment Enterococcus concentrations. The geometric means
for Enterococcus concentrations were 729 MPN/g and 7
MPN/g wet sediment (n=38), for Cat and Walnut, respec-
tively. Maximum and minimum values were 2055 MPN/g
and 439 MPN/g wet sediment for Cat, and 17 MPN/g and 4
MPN/g wet sediment for Walnut. A time-series plot for both

microcosms is presented in Fig. 5. A Pearson correlation
with a paired ¢ test was performed to determine correlation
between Cat and Walnut Enterococcus sediment concentra-
tions and results indicated a significant (p <0.01) strong
positive correlation (0.76). For both microcosms, the Ente-
rococcus concentrations increased between Day 0 and Day
1 before exponentially declining to stabilization around Day
10-17. The decay rates for Cat and Walnut were calculated
for Day 0 and Day 31 from Eq. 1 and resulted in r=— 0.032
and r=0.001, respectively. From these values, no discern-
able difference in concentrations was shown for the study
period with a slight decay in Cat and neutral growth for
Walnut.

Throughout the 31 day study period, both microcosms
with contrasting substrate types, organic matter and Entero-
coccus concentrations showed persistence in Enterococcus
viability under stable conditions. A comparable study to our
results by Kim and Wuertz (2015) indicated a rapid tenfold
increase in Enterococcus counts for the initial 2-3 days fol-
lowed by a gradual decay and stabilization in numbers over
a 40 day period. Similarly, decay rates and survival of Ente-
rococcus in a microcosm study by Haller et al. (2009) were
shown for a period of 50 day, whereas E. coli and total coli-
forms appeared to decrease to non-detectable concentrations.
Other related research conducted in mesocosm studies have
shown that Enterococcus and FIB decay was significantly
reduced in sediment and organic matter (Tiwari 2019). Fur-
thermore, aquatic vegetation such as periphyton has been
shown to play a key role in Enterococcus survivability and
growth (Stocker et al. 2019). Sediment for our study was col-
lected from the upper benthic substrate and had the potential
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for inclusion of periphyton and biofilm that accumulated
from the natural stream conditions.

Since our microcosm experiments were under no-light
conditions, the Enterococcus colonies may have experi-
enced the rapid growth shown early in the time period due
to abundance of organic and plant matter before metaboliz-
ing the available nutrients resulting in a decay and stabiliza-
tion in concentrations and is analogous to conclusions from
studies by Kim and Wuertz (2015) and Zimmer-Faust et al.
(2017). Enterococcus has been found to persist in many dif-
ferent environments (e.g., soil and plant matter) regardless
of external inputs such as fecal contamination (Staley et al.
2014). Additionally, organic carbon and nutrient inputs have
been found to stimulate growth of FIB in stream sediments
and enhance population stability (Korajkic et al. 2019).
Many of the streams in the study region have dense canopy
cover, high potential for nutrient and organic carbon inputs
and mobile substrates, which could enhance Enterococcus
survivability.

Our microcosm experiment along with previous experi-
ments provide convincing evidence that benthic streambed
sediments under stable conditions have the potential to be
reservoirs and sources of Enterococcus. Given the dynamic
nature of mobile streambeds, resuspension of these sedi-
ment-laden Enterococcus could increase the potential for
these fecal indicators to persist within the stream water
column for extended periods without external inputs (e.g.,
stormwater runoff) as evident in studies relating E. coli and
streambed sediments (Garzio-Hadzick et al. 2010; Stephen-
son et al. 1982). Therefore, sediment sources could create
interferences with accurately assessing human-health risk
and stream impairment criteria. More research is needed to
understand the in-situ relationship of streambed sediment
influences on Enterococcus concentrations in freshwater
streams.

Conclusions

Enterococcus is often used to determine recreational water-
quality for the purposes of limiting or preventing potential
gastrointestinal illness. However, questions remain on the
validity of using Enterococcus to make regulatory decisions
given the potential for persistence in the environment with-
out external inputs of fecal sources. Additionally, limited
information exists on the relationships between water qual-
ity, geography, stream substrate properties, and hydrologic
conditions that have the potential to influence Enterococcus
concentrations in the stream water column. Our study aimed
to understand stream dynamics in the field and laboratory
to assess potential persistence in the environment and relate
stream factors to Enterococcus concentrations. Results indi-
cate, in general, that hydrologic conditions, watershed area,

sediment properties and multiple water-quality parameters
are correlated to Enterococcus concentrations in the water
column and sediments. Furthermore, relationships between
sediment and water Enterococcus sediment existed when
grouping sites by geographical and sediment characteristics.
The microcosm Enterococcus sediment study corresponded
with the field sampling study in that concentrations remained
stable throughout the study period except for during the first
day after the start of the trial. Conditions as in the first days
of the microcosm study could also occur in the streambed
where variations in sediment Enterococcus concentrations
may exist due to external inputs (e.g., rainfall runoff) and
mobile beds. Implications from this work emphasize that
more research is needed to evaluate Enterococcus as a regu-
latory indicator, given counts have the potential to remain
viable in recreational freshwater streams and are often ubiq-
uitous in concentrations above the regulatory thresholds for
a majority of the recreational season. This study indicates
that monitoring plans should consider environmental fac-
tors as influencers on Enterococcus concentrations within
freshwater streams.
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