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Predicting water quality and the human health risks associated with sewage-derived microbes requires
understanding the fate and transport of these contaminants. Sewage-derived pathogen risks are typically
assessed and monitored by measuring concentrations of fecal indicating bacteria (FIB), like Enterococcus
sp. Previous research demonstrated that a high fraction of FIB is particle-associated, which can alter FIB
dynamics within secondary water bodies. In this study, we experimentally quantified the effect of par-
ticle association on dark, temperature- and light-dependent growth and sinking rates of enterococci.
Particle association significantly increased dark growth rates, light-dependent growth rates (i.e.
decreased mortality), and sinking rates, relative to free-living enterococci. Simulations using a novel, 1-
dimensional model parameterized by these rates indicate greater persistence (T90) for particle-associated
enterococci in water bodies across a wide range of diffuse attenuation coefficients of light (Kd) and
turbulent diffusivity (D) values. In addition, persistence of both fractions increased in simulated turbid
and turbulent waters, compared to clear and/or quiescent conditions. Simulated persistence of both
fractions also increased when enterococci discharges occurred later in a diel cycle (towards sunset, as
opposed to sunrise), especially for the free-living population, because later discharges under our model
conditions allowed both fractions to mix deeper before inactivation via sunlight. Model sensitivity testing
revealed that T90 variability was greatest when dark growth rates were altered, suggesting that future
empirical studies should focus on quantifying these rates for free-living and particle-associated sewage-
derived microbes. Despite greater sensitivity of T90 to variability in dark growth rates, omitting light-
dependent growth rates from simulations dramatically influenced T90 values. Our results demonstrate
that particle association can increase enterococci persistence in receiving waters and highlight the
importance of incorporating particle association in future water quality models.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Sewage pollution of coastal environments is a common man-
agement concern due to the public health risks from contact with
water contaminated with pathogenic bacteria, protozoa, and vi-
ruses (Horman et al., 2004; Fong and Lipp, 2005). With increasing
urbanization, particularly in coastal regions, there is increased
potential for degradation of surface waters by sewage discharges
(Vermeulen et al., 2015). Management of health risks related to
sewage pollution relies on in-field monitoring programs and
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statistical or numerical modeling to predict water quality or un-
treated discharges.

Fecal indicator bacteria (FIB) include several types of bacteria
used to indicate contamination by sewage and co-occurring path-
ogens. FIB are generally assumed to have limited environmental
persistence, so have long been interpreted as indicating recent fecal
pollution (Litsky et al., 1953). However, prolonged persistence re-
ported under some conditions (Bordalo et al., 2002; Anderson et al.,
2005; Chudoba et al., 2013) complicates FIB use as sewage pollution
indicators. Commonly used FIB include total coliforms, fecal co-
liforms, Escherichia coli, and Enterococcus sp., though only Entero-
coccus sp. is approved by the US Environmental Protection Agency
(EPA) for testing water quality in brackish to salty water bodies (US
EPA, 2012). Enterococci abundance in recreational waters correlates
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with increasing incidence of gastrointestinal illness in swimmers,
particularlywhen the source is sewage or other wastewater (Cabelli
et al., 1982; Wade et al., 2003; Colford et al., 2012).

Effectively predicting concentrations of FIB and co-occurring
pathogens in surface waters requires considering their ecological
dynamics when they transition from the gastrointestinal tract to
secondary habitats (Gordon et al., 2002), like storm water, waste-
water, and receiving waters. The “extra-enteric ecology” (Boehm
et al., 2005; O’Mullan et al., 2017) of FIB is dominated by loss pro-
cesses, including inactivation (Evison, 1988; Howell et al., 1996),
predation (McCambridge andMcMeekin,1981; Menon et al., 2003),
transport (Cho et al., 2010), and dispersion (Nevers and Boehm,
2011). While physical advection and diffusion are critical for un-
derstanding FIB distributions, models that omit FIB inactivation
typically perform poorly relative to observations, even over very
short time and space scales (e.g. over a few hours and only 100s of
meters, Rippy et al., 2013a,b). Such results suggest that FIB inacti-
vation or growth can be at least as important for predicting FIB
distributions as hydrodynamics. In many FIB models, bacteria are
transported with the water, while the population decays according
to a constant rate (Bedri et al., 2011; Banas et al., 2015; Wen et al.,
2017), or a decay rate that varies with temperature (e.g., Chen and
Liu, 2017) and/or light exposure (Cho et al., 2010) along the flow
path. However, if FIB movement diverges from that of the water, or
if inactivation rates are incorrectly parameterized, then numerical
simulations will deviate from actual conditions, even if the model
accurately represents complex hydrodynamics.

Light exposure causes inactivation of FIB and associated path-
ogens (Evison, 1988; Sinton et al., 2002; Kay et al., 2005), making
photoinactivation rates critical to FIB models. Light-induced FIB
inactivation rates can be modified by suspended solids or turbidity
(Whitman et al., 2004; Kay et al., 2005; Guti�errez-Cacciabue et al.,
2016), water column depth, and time of day (Davies-Colley et al.,
1994; Sinton et al., 2002). Sunlight can cause inactivation through
two pathways: 1) direct solar radiation damage to nucleic acids and
other cellular components (Malloy et al., 1997; Schuch and Menck,
2010) and/or 2) the photochemical generation of reactive oxygen
species from organic matter (Maraccini et al., 2012; Appiani and
McNeill, 2015). Both mechanisms are likely important for entero-
cocci as both UV radiation and visible light cause enterococci decay
(i.e. negative light-dependent growth; Davies-Colley et al., 1994;
Fujioka and Yoneyama, 2002; Sinton et al., 2002).

Also critical to extra-enteric ecology are FIB growth rates in the
absence of light exposure (i.e. dark growth rates), which encompass
a wide variety of processes, such as cell division rates, predation,
and stress-induced losses. Generally, increasing temperatures are
linked to higher FIB inactivation (Auer and Niehaus, 1993; Schulz
and Childers, 2011; Boehm et al., 2018) while lower temperatures
tend to increase FIB persistence (Bordalo et al., 2002; Lleodel et al.,
2005). Increased nutrients (e.g. phosphate) have been shown to
enhance FIB persistence and growth in the dark (Chudoba et al.,
2013). Meanwhile, elevated salinity has been reported to increase
(Okabe and Shimazu, 2007; Schulz and Childers, 2011), decrease
(Bordalo et al., 2002; Anderson et al., 2005), or minimally impact
(Noble et al., 2004; Ahmed et al., 2014; Chen and Liu, 2017) growth
rates of various FIB. Net growth rate measurements in ambient
waters in darkness thus encompass the effects of multiple abiotic
and biotic properties impacting FIB persistence.

High frequency of FIB particle association (Fries et al., 2006;
Krometis et al., 2007; Cizek et al., 2008; Walters et al., 2014), often
greater than that of the background bacterial community (Ducklow
et al., 1982; Suter et al., 2011), further complicates these dynamics.
Particle association is thought to prolong FIB environmental
persistence (O’Mullan et al., 2017) because particles may provide a
more favorable environment than the surrounding water (Lyons
et al., 2007, 2010), due to increased nutrient or solute availability
(Shanks and Reeder, 1993; Kiørboe and Jackson, 2001), physical
stability (Craig et al., 2002), and protection from predation (Davies
and Bavor, 2000) or other stressors like chemical disinfectants
(Hess-Erga et al., 2008). However, bacterivory can also increase on
particles (Lee et al., 2011), potentially mitigating some advantages.
Actual growth rate measurements separating particle-associated
and free-living FIB are rare. Garcia-Armisen and Servais (2009)
found particle-associated E. coli dark decay rates in river water to
be about 2.5 times lower than rates for free-living cells. Similar
rates for enterococci or other FIB have not previously been
reported.

Particle-associated FIB are also likely to have appreciable sinking
rates (Auer and Niehaus, 1993; Garcia-Armisen and Servais, 2009).
Although many FIB are associated with smaller particles (Auer and
Niehaus, 1993; Jamieson et al., 2004; Ahn et al., 2005; Mote et al.,
2012), implying relatively slow sinking, any sinking could impact
horizontal transport and eventually lead to deposition in sedi-
ments, especially in shallow water. It is now well-established that
sediments can constitute a reservoir of settled FIB that can be
resuspended (Jamieson et al., 2005a; Fries et al., 2008; O’Mullan
et al., 2019), highlighting the importance of FIB particle association.

Unfortunately; the empirical observations needed to separately
parameterize particle-associated and free-living FIB populations
within water quality models are very limited to date. Some models
used for stream water quality assessment incorporate FIB particle
association using a free-living FIB population transported with the
water and a second FIB population transported with sediment
(Jamieson et al., 2005b; Yang et al., 2008;Wu et al., 2009; Kim et al.,
2010). However, as pointed out in Cho et al. (2016), while different
growth rates for these two FIB populations could readily be
included in such models, “investigations are not yet robust enough
to effectively determine rate constants for both bacteria pop-
ulations.” Two recent estuarine FIB distribution models (de
Brauwere et al. 2014; Chen and Liu, 2017) included explicit repre-
sentation of particle-associated and free-living populations; how-
ever, neither model included light inactivation. Both studies
acknowledged the potential importance of light-dependent rates,
but also cited a lack of information for appropriate parameteriza-
tion. We are aware of only one previous study investigating light
inactivation in combination with particle association. Using artifi-
cial sunlight (Walters et al., 2014), found greater light-induced
inactivation of FIB that were free-living or associated with small
particles (<12 mm) in sewage effluent, compared to those on larger
particles (12e63 mm). With the exception of the aforementioned
E. coli study (Garcia-Armisen and Servais, 2009), separate dark
growth rates for particle-associated and free-living FIB have also
not been previously measured. In addition, while a few empirical
FIB sinking rate measurements are available (Auer and Niehaus,
1993; Garcia-Armisen and Servais, 2009), enterococci sinking
rates have not yet been reported.

In this study, we address the hypothesis that particle association
increases the persistence of enterococci by providing a more
favorable environment. Our study combines empirical quantifica-
tion of growth and sinking rates with a 1-dimensional model
simulating persistence according to those rates under conditions
representing different types of water bodies. This is the first work
we are aware of that separately quantifies the rates of light-
dependent growth, dark, temperature-dependent growth, and
sinking for both free-living and particle-associated fractions of
enterococci. Further, we use these rates in simulations to examine
how water column persistence of each enterococci fraction could
change in water bodies with different levels of turbidity and tur-
bulence. Model sensitivity to growth and sinking rate parameteri-
zation was tested through additional simulations. Finally, we use
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simulations to examine the potential impact of discharge timing
within a diel cycle on overall enterococci persistence.

2. Methods

2.1. Empirical rate determination

2.1.1. Study site
Near-surface water samples were collected from two sites along

the Piermont Pier (Piermont, NY, USA) that are subject to inter-
mittent municipal sewage pollution, 1) near the Orangetown and
Rockland County Sewer District Wastewater Treatment Plant Out-
falls and 2) near a sewage pump station that occasionally overflows,
and a third nearby site along the frequently sewage-contaminated
tributary, Sparkill Creek (Fig. A1, O’Mullan et al., 2019 provides
additional information about these sites). Salinity near Piermont
Pier ranged from 0.2 to 10 ppt, consistent with its location in the
brackish, tidal portion of the Hudson River Estuary (HRE). At each
sample collection, either a Hydrolab HQ 40D meter (light and
temperature growth rate experiments) or Hydrolab DS5 (sinking
rate experiments) was used to measure temperature, salinity, and
dissolved oxygen (HQ 40D) or turbidity (DS5). Water clarity was
measured using a 300-mm diameter Secchi disk. See Tables A1 and
A4 for environmental data for experiments.

2.1.2. Microbial culturing
Near-surface water samples were collected via bucket cast and

stored in sterile polypropylene bottles that were triple rinsed with
sample water directly prior to collection. Samples were immedi-
ately transferred to dark coolers until laboratory processing, within
2 h of sample collection. The particle-associated and free-living
bacterial fractions were separated following Crump et al. (1999)
and Suter et al. (2011). Water samples were filtered under gentle
vacuum pressure through 47-mm diameter, 3-mm pore poly-
carbonate membrane filters. Filtrationwas paused when a thin film
of liquid remained above the filter. The filtrate, containing the free-
living fraction, was collected. Then, the particle-associated fraction
(above the filter) was diluted with sterile Phosphate Buffered Saline
(PBS, 0.1 M phosphate in 0.73% NaCl) and gently filtered again until
a thin film of liquid once again remained above the filter. The
separation step resulted in small losses from both fractions; in tests
(n ¼ 8), a mean of 12.8% of the total count passed through the filter
on the second filtration step. This minor loss fromboth fractions did
not affect our experiments, which only required consistently
separating the two subpopulations from each other. The particle-
associated fraction was rinsed from the filter tower three times
with PBS and this supernatant was transferred into sterile 250-mL
polypropylene bottles on a shaker table (80 rpm for 6 min) to
detach microbes from particles. The particle-associated fraction
was reconstituted to the original volume with PBS. No viable cells
remained on the rinsed polycarbonate membrane filters (processed
following EPA Method 1600 for enterococci enumeration (US EPA,
2002), n ¼ 6).

For each fraction, 1e3 subsamples (ranging 1e100 mL) were
filtered onto 0.45-mm gridded, mixed-ester cellulose membrane
filters. These filters were incubated on sterile, solid mEI media for
24 h at 41 �C following EPA Method 1600. Colony forming units
(CFUs) on each platewere normalized to CFU/100mL in the original
sample. Total enterococci counts (the sum of both fractions) were
also calculated for each water sample for comparisonwith previous
work.

2.1.3. Quantifying dark, temperature-dependent growth rates
Because FIB concentrations typically decline over time in ex-

periments, other studies use terminology such as “inactivation”,
“mortality”, “die-off”, or “decay” rates to describe the dynamics. In
our experiments, counts occasionally increased over time, so we
use the term “growth rate” in this study; negative growth rates
imply a decline in enterococci concentration over time.

To quantify dark, temperature-dependent growth rates, a water
samplewasmixed and divided into 3 sterile, 250-mL polypropylene
bottles, that were then placed into 3 dark incubators set to 5,18, and
28 �C, respectively. Aliquots (125 mL) were removed from gently
homogenized bottles after 24 and 48 h. The free-living and particle-
associated enterococci remaining in each aliquot were separated
and enumerated as described above. For every timepoint of each
experiment, multiple subsamples of different volumeswere filtered
to ensure some plates would be countable. Values used in rate cal-
culations were then averaged from 2 to 3 plates per timepoint.

2.1.4. Quantifying light-dependent growth rates
For each experiment, awater samplewasmixed and subsamples

(approximately 250 mL) were added to sterile, UV-permeable
Whirlpak sampling bags, that were then placed into an outdoor,
18 �C water bath exposed to full sun. This temperature was chosen
for experiments because enterococci dark, temperature-dependent
growth rates at 18 �C are relatively low (Table 1). Experiments were
started near mid-day on days with minimal cloud cover. Down-
welling photosynthetically active radiation (PAR) was measured
using a Li-COR Quantum cosine-corrected sensor recording to a LI-
1400 Data Logger for normalization between experiments
(Table A3). Subsamples collected from the bags after 1 and 2 h of
sunlight exposure were processed to separate and enumerate free-
living and particle-associated enterococci as described above. Also
as described above, for every timepoint of each experiment, mul-
tiple subsamples of different volumes were filtered. Whenmultiple
plates were countable, the values were averaged.

2.1.5. Growth rate calculation
For both temperature- and light-dependent growth rate ex-

periments, the concentrations of particle-associated and free-living
enterococci in each container were natural log (ln) transformed and
plotted against time. The slope of the linear best fit to the ln-
transformed data provided the first-order exponential growth
rate (day�1), as in other studies (Sinton et al., 2002; Anderson et al.,
2005; Maraccini et al., 2016).

2.1.6. Statistical analysis of growth rates
Statistical analysis was conducted using R statistical software.

Normal distribution of empirically-determined growth rates within
each treatment was confirmed via a Shapiro-Wilk test (p > 0.1).
Two-way analysis of variance (ANOVA) tests with a ¼ 0.05 were
used to compare mean growth rates for temperature-dependent
experiments followed by Fisher’s Least Significant Difference
(LSD) post hoc pairwise comparisons. An unequal variances t-test
without pairing (due to unequal sample numbers), was used to test
the impact of light on mean growth rates of the two fractions.

2.1.7. Quantifying sinking rate distributions
Approximately 25 L of surface water was collected from the end

of Piermont Pier (Fig. A1), on 5 dates (Table A4). Experiments began
within 2 h of collection in a temperature-controlled room set to
match the original sample temperature (±2 �C). Following Aumack
and Juhl (2015), we used a homogenous suspension (Bienfang et al.,
1977; Chancelier et al., 1998) approach to measure the sinking rates
of inorganic particles, organic particles, particle-associated, and
free-living enterococci. A series of replicate 0.4 m high, (2.3 L total
volume) graduated cylinders were used as settling columns, with
one column per time point. At each time point, the upper 2-L
portion of a given settling column was carefully pumped off,



Table 1
Parameter Definition and Values. Empirically-determined and literature-based values used in the model are shown alongside parameter definitions.

Parameter Variable Units Values Definition

Dark, Temperature-Dependent Growth lTemp day�1 FL: -0.359
PA: 0.33

Growth rate of enterococci cells under different temperatures (negative is mortality)

Light-Dependent Growth lLight day�1 FL: -33.31
PA: -16.48

Growth rate of enterococci cells when exposed to light (negative is mortality)

Sinking s m= day FL: 0 PA: 1 Sinking rate of particle-associated enterococci
Diffusivity D m2=s 0 / 0.01 Turbulent diffusivity, which simulates vertical mixing
Diffuse Attenuation Coefficient Kd m�1 0 / 2 The reduction of radiation by a factor of e; weakening of beam of light through water
Concentration C % Amount of enterococci at a given point in time (set at 100% at t0)
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leaving an undisturbed 300-mL bottom layer, containing all parti-
cles that had settled by that time point.

Particle mass accumulated in the bottom layer at each time
point wasmeasured using volumetric subsamples filtered onto pre-
weighed, combusted Whatman GF/F filters (25 mm diameter). A
small volume of deionized water passed through the filter removed
salts, and dried filters (100 �C for >24 h) were reweighed to
calculate the total particle mass collected. Inorganic and organic
particle masses were then estimated by Loss On Ignition (APHA,
2005) after combusting dried filters (450 �C for 4 h). Inorganic
and organic particle concentrations in the bottom layers of suc-
cessive settling columns were calculated for each time point and
used to calculate the percent of initial particle mass that remained

in suspension (
�
1 � settled mass

total mass

�
*100%) at each time point.

To distinguish particle-associated and free-living enterococci, a
portion of the 300-mL bottom layer sample was processed for total
enterococci, and a second subsample was passed through a 3-mm
pore diameter membrane filter. Free-living enterococci were those
that passed through the filter and the particle-associated fraction
was calculated by subtraction from the total count. Quantifying
enterococci of both fractions used Enterolert with Quanti-Tray/
2000 (IDEXX Laboratories 2013) for most probable number.

Sinking rate estimation began by plotting the percent of each
particle or enterococci fraction that remained suspended through
time in successive settling columns (Owen, 1976; Aumack and Juhl,
2015). Best-fit curves, regressing the percent suspended against
time, pooling data across experiments, were fit to each type of data.
Statistical comparisons were based on the slopes of these best-fit
regressions. The mean sinking velocity distribution for each type
of particle was then calculated following Owen (1976), Jones and
Jago (1996), and Malarkey et al. (2013).
2.2. 1-Dimensional persistence model

2.2.1. Model framework
To simulate the fate of enterococci in a 1-dimensional water

column, we employed an advection-diffusion-decay framework
that incorporated the empirically determined first-order growth
rates. Consistent with previous studies (Fuchs et al., 2007; Rippy
et al., 2013a, 2013b) vertical mixing was simulated via turbulent
diffusivity (D) and impacted both fractions. Sinking (s), represented
as vertical advection, only affected the particle-associated fraction.
The general framework is represented by:

vCFL
vt

¼D*
v2CFL
vz2

� lFL*CFL (1)

vCPA
vt

¼ D*
v2CPA
vz2

� s*
vCPA
vz

� lpa*CPA (2)

where CFL or CPA ¼ the concentration of free-living or particle-
associated enterococci, D ¼ turbulent diffusivity
(meter2=second ), z ¼ depth (meter), l ¼ total growth rate

(second�1), and s ¼ sinking rate (meter=second). In these equa-
tions, both the light- and temperature-dependent growth rates
were incorporated, as l FL or PA ¼ P

l light þ l temperature. Simula-
tions were run using a Forward-in-Time-Centered-in-Space (FTCS)
Taylor Expansion with 1 s time steps for high temporal resolution.
As an example, the FTCS for free-living enterococci not at the bot-
tom or top boundary was:

C½tþ1;z� ¼ D*
Δt
Δz2

*
�
C½t;zþ1� � 2*C½t;z� þ C½t;z�1�

�
þ
�
1

þ Δt*
�
llightðzÞ*DielðtÞ þ ltemp

��
*C½t;z� (3)

The Diel(t) function was a light curve multiplier for the light-
induced loss parameter with a maximum value of 1 and mini-
mum value of 0. Diel(t) was constrained as a sinusoidal function
for 16 h and had a value of 0 for the subsequent 8 h to simulate a
realistic diel cycle (e.g. summer at 45� latitude). The default
scenario was for a discrete enterococci discharge occurring
immediately prior to sunrise, without subsequent discharge.
Discharge timing was manipulated in later simulation runs.
Light-dependent growth rates (l light) throughout the water
column were modeled similarly to diffuse light attenuation with
depth (Kd), such that light-dependent growth was directly pro-
portional to light level:

llightðzÞ¼ llightð0Þ*eð�Kd*zÞ (4)

where Kd ¼ the diffuse attenuation coefficient of Photosynthetically
Active Radiation (PAR) (meter�1) and z ¼ depth ðmeterÞ. Note that
we did not specify the wavelength for Kd, as the action spectrum for
enterococci inactivation is not known. To simulate enterococci
persistence in conditions that represent many water body types,
the model was run over wide ranges of Kd (0e2 meters�1, or
infinite to 2.3 m depth of 1% light level) and D (0e0.01
meters2=second) values that are consistent with literature values
(Table 4).

At t ¼ 0, the concentration of enterococci was 100%, which
then advected, diffused, and decayed following the empirically
determined parameters. We used T90, defined as the time for 90%
of the initial enterococci to decay, to compare across model runs
and with previous studies (Kay et al., 2005; Brooks and Field,
2016). Concentrations were integrated throughout the water

column and the first time point where
PZ¼20 m

Z¼0 m CðzÞ � 10% was
T90. The maximum T90 was set at 100 h, as other environmental
factors, such as horizontal transport, would have a greater role in
determining enterococci concentrations so long after introduc-
tion into a receiving water body. Accordingly, enterococci pop-
ulations that would require over 100 h to decay to 10% and those
increasing in concentration (i.e. growing), were assigned
T90 ¼ 100 h.
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2.2.2. Sensitivity tests
Two different sensitivity tests addressed: 1) how sensitive is

model output to changes in individual parameter values (growth
and sinking rates)? and 2) given the observed variability in
parameter values, how robust is the conclusion that particle as-
sociation results in longer modeled enterococci persistence?

For the first question, one parameter (light- or temperature-
dependent growth, or sinking rate) was allowed to vary, while
other parameters were held constant at the experimentally-
determined mean values, referred to as standard run values. Kd
and D values in sensitivity tests were set to represent two
environmentally-relevant extremes: a clear, quiescent lake (Kd¼
0.087 m�1, D ¼ 1.34 *10�4ðmeters2 =secondÞ) using parameter
values from Lake Tahoe (Abbott et al., 1984; Swift et al., 2006)
and a turbid, turbulent estuary (Kd¼2.0 m�1, D ¼ 0.01 ðmeters2=
secondÞ) like the Hudson River Estuary (Stross and Sokol, 1989;
Orton and Kineke, 2001). Using means and standard deviations of
the empirical data, a vector of light-dependent and temperature-
dependent growth rates with a normal distribution was gener-
ated. Light growth rates were represented as a truncated normal
distribution, with values constrained to <0 (representing the
assumption that light will not enhance enterococci growth).
Sinking rates followed a gamma distribution of shape ¼ 0.5 and
scale 2. A vector of randomly-sampled rates from each distribu-
tion was generated and the mean and variances of each vector
were compared to the empirical observations to ensure similar-
ity. For each of the 1000 simulations per parameter and per
fraction (6000 total simulation runs), a single growth or sinking
rate was selected at random from this vector and then the model
was run forward 96 h, with all other parameters held constant at
standard run values. Sensitivity was quantified using the devia-
tion (range-normalized, root mean squared deviation) of sensi-
tivity test simulation runs from standard run values, yielding a
measure of variability V in modeled T90 based on N variations of
the empirically-determined parameters:

V ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi0
@Pn¼N

n¼1 ðT90ðmeanÞ � T90ðnÞÞ2
N

1
A

vuuut
,

ðT90max � T90minÞ

(5)

A value of V ¼ 0 would indicate that the model output is fully
insensitive to changes in a given parameter.

A second set of sensitivity tests assessed the importance of
particle association on enterococci persistence throughout the
parameter space defined by variability in all empirically-measured
parameters simultaneously. In the 1000 simulations per condition
and per fraction for these tests, light- and temperature-dependent
growth and sinking rates were all randomly selected from new
vectors of the rates that had distributions similar to the empirical
observations. Simulations were run for the lake and estuarine Kd
and D conditions, with the difference in T90 between particle-
associated and free-living fractions as the output. The distribution
of these differences was then compared to simulations using
standard value runs.

3. Results

3.1. Empirical rates

3.1.1. Dark, temperature-dependent growth rates
Environmental conditions for samples used in dark growth rate

experiments are shown in Table A1. Table 2 shows mean dark
growth rates of the free-living, particle-associated, and total
enterococci at each experimental temperature. Raw data from each
experiment are shown in Table A2. A two-way ANOVAwith fraction
(particle-associated vs. free-living) and temperature (5,18, or 28 �C)
as factors demonstrated a significant effect of fraction (F1,30 ¼ 6.48,
p ¼ 0.016), but not temperature (F2,30 ¼ 0.58, p ¼ 0.57) on
enterococci growth rates. Post hoc testing confirmed that the
particle-associated fraction had significantly higher growth rates
than the free-living fraction.

3.1.2. Light-dependent growth rates
Environmental conditions for samples used in light-dependent

growth rate experiments are shown in Table A1. Raw data, inci-
dent light for normalization, and normalized light-dependent
growth rates are shown in Table A3. Table 2 shows mean,
normalized light-dependent growth rates for the free-living, par-
ticle-associated, and total enterococci at 18 �C. Light-dependent
growth rates were all negative and 1e2 orders of magnitude
larger than dark growth rates at the same temperature (previous
section). Using an unequal variances, unpaired t-test, free-living
and particle-associated light-dependent growth rates were found
to be significantly different (t11.9 ¼ 2.4, p¼ 0.032) from one another.

3.1.3. Sinking rates
Environmental conditions for samples used in sinking rate ex-

periments are shown in Table A4. Inorganic and organic particles
remaining in suspension declined significantly over time, with
organic particles sinking significantly slower (F1,50 ¼ 28.24,
p < 0.001) (Fig. 1A). A similar analysis for particle-associated
enterococci remaining in suspension (Fig. 1B), produced an expo-
nential best fit with a significantly negative slope (F1, 23 ¼ 119.2,
p < 0.0001). In contrast, a linear regression applied to free-living
enterococci indicated no significant change over time (p ¼ 0.12).
The best fit curves from Fig. 1AeB were used to estimate the mean
sinking rate spectra of inorganic particles, organic particles, and
particle-associated enterococci (Fig. 1C). Free-living cells did not
sink appreciably during these experiments, while at least some
particle-associated cells sank at rates greater than 1 m/day, though
it is also likely that many particle-associated cells had negligible
sinking rates.

3.2. Model results

3.2.1. Free-living enterococci T90 (FLT90)
Generally, FLT90 (i.e. persistence of free-living enterococci)

increased with diffuse light attenuation (Kd) and turbulent diffu-
sivity (D) (Fig. 2A). When turbulent diffusivity was near 0 (i.e.
limiting vertical motion of free-living enterococci), variation in Kd
had minimal impact on FLT90 (z1% increase). However, even slight
increases in turbulent diffusivity above zero dramatically increased
the effect of Kd on prolonging FLT90. Meanwhile, for most values of
Kd, increasing D prolonged FLT90.

3.2.2. Particle-associated enterococci T90 (PAT90)
Patterns of PAT90 were similar to those of FLT90, though for all

combinations of Kd and D, PAT90 was longer (Fig. 2B). In addition,
PAT90 was more sensitive to changes in Kd or D, in the sense that a
given change in Kd or D increased PAT90 more than FLT90. Above
D ¼ 5*10�6 meters2=second, PAT90 often exceeded the model’s
maximum simulation time of 100 h, effectively reaching infinite
persistence within the modeled domain (indicated by the pink
color contour).

3.2.3. Difference in enterococci T90 (D T90)
The difference in simulated T90 of each fraction (DT90 ¼ PAT90 �

FLT90) was consistently greater than 0, indicating that particle-



Table 2
Growth Rates. Summary data from dark, temperature-dependent and light-dependent growth rate experiments, separated for each fraction.

Parameter Temp (�C) Free-Living (day-1) Std Dev Particle-Associated (day-1) Std Dev Total (day-1) Std Dev

lTemp 5 0.013 0.241 0.301 0.664 0.057 0.280
18 �0.359 0.522 0.331 0.624 �0.110 0.229
28 �0.287 0.446 0.135 0.674 �0.157 0.446

lLight 18 �33.314 19.496 �16.478 6.259 �29.926 20.935

Fig. 1. Empirical sinking rate data.
Data from sinking rate experiments conducted using water collected from the HRE.
Percent of initial suspended particles (inorganic and organic) remaining in suspension
at each time point (A). Percent of initial particle-associated and free-living enterococci
remaining in suspension at each time point (B). Solid lines in (A) and (B) are the best-fit
curves for data pooled across 5 experiments, dashed curves indicate the 95% CI of each
curve. Distribution of sinking rates (solid curves) and 95% CI (dashed curves) were
calculated using the regressions shown in (A) and (B) (C). The curves indicate the
particle population fraction with a sinking rate greater than the value shown by the
respective curve. For example, approximately 43% of the inorganic particles, 22% of the
organic particles and 14% of the particle-associated enterococci had sinking rates
>1 m/day.
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associated enterococci persisted longer than free-living enterococci
in standard simulation runs at all values of Kd and D (Fig. 2C). The
difference in persistence between fractions ranged 1.7e96 h
(1.5e13 x greater). The difference between fractions wasminimized
overall when Kd or D were near zero. The difference between
fractions was also most sensitive to changes in Kd when D was low.
Specifically, under low tomoderate D (0 - 5*10�5 meters2=second),
PAT90 increased more (up to 15x greater) than FLT90 (up to 6.5 x
greater), as Kd increased from 0 to 2 meter�1. At higher D values,
changes in Kd had less effect on the difference between fractions.
The greatest difference in T90 between fractions (blue contour,
Fig. 2C) occurred with low D and moderate to high Kd values. A
region of similar difference also extended throughout the diffu-
sivity range at moderate Kd values.
3.2.4. Diel cycle effects on enterococci T90
In addition to the default discharge immediately prior to sunrise

presented above, simulations were run with inputs of enterococci
occurring at different times throughout the 16-h day and 8-h night
cycle. Simulated discharges occurring later in the day consistently
increased T90 of both free-living and particle-associated fractions
(Fig. 3, Figs A3 and A4), relative to the default discharge scenario
(sunrise, Fig. 2), with the greatest difference for discharge at 16 h
(sunset, Fig. 3). Simulated discharge at 16 h increased theminimum
simulated T90 for both free-living (4.6 to 12.5 h) and particle-
associated (6.4 to 14.5 h) fractions. Later discharges had a greater
effect on FLT90 than on PAT90, particularly in regions of moderate to
high Kd and low diffusivity. In general, FLT90 was more variable
across the range of Kd and D values and over various discharge
times than PAT90. Therefore, patterns in the DT90 plots primarily
reflect the patterns of FLT90.
3.2.5. Sensitivity tests
The first set of sensitivity tests, that examined model sensitivity

to changes in one set of rates at a time, demonstrated a greater
sensitivity (i.e. increased variability, V) of T90 to dark, compared to
light-dependent, growth rates. In addition, FLT90 was more sensi-
tive to rate changes than PAT90, and sensitivity of both fractions was
greater for the higher Kd and D values representing estuarine
conditions, compared to the simulations representing a clear,
quiescent lake (Fig. 4). For example, allowing dark growth rates to
vary under the estuarine conditions generated greater V for FLT90
(V¼ 0.33) than PAT90 (V¼ 0.24). Variability in T90 values was lower
in sensitivity tests using the clear, quiescent lake conditions,
though changes in dark growth rates still caused more variability in
FLT90 (V ¼ 0.145) than in PAT90 (V ¼ 0.139).

Allowing light-dependent growth rates to vary had the greatest
impact on FLT90 under estuarine conditions (V ¼ 0.248), though
persistence of the particle-associated fractionwas always infinite in
those conditions, resulting in 0 computed variability within the
sensitivity runs. In lake conditions, free-living (V ¼ 0.081) and
particle-associated (V ¼ 0.070) persistence was relatively insensi-
tive to varying light-dependent growth rates (Fig. 4).

Only PAT90 under lake conditions was measurably sensitive to
varying sinking rates (V ¼ 0.0897), as PAT90 in turbid, turbulent
estuarine conditions consistently reached the maximum (or infin-
ite) T90 values, regardless of sinking rate. The simulated free-living
fraction did not sink, so FLT90 values did not change with different
sinking rates.

In the second set of sensitivity tests, where all rates were allowed
to vary between successive simulation runs, PAT90 was greater than
FLT90 for 80.7% of lake trials and for 88.5% of estuarine trials. In some
runs, T90 of both fractions exceeded 100 h. Because of the negative
mean dark growth rates for free-living vs. positivemean dark growth
rates of particle-associated enterococci, trials with T90 of both frac-
tions exceeding 100 h (DT90¼ 0Þ were counted towards greater



Fig. 2. Standard model run T90.
Simulated persistence (T90) is shown for free-living (A) and particle-associated (B) enterococci under the default discharge scenario (at sunrise) for standard run values. Color bar
indicates T90, the time it takes for 90% of enterococci to decay. T90 is plotted against a wide, physically relevant range of Kd (diffuse attenuation coefficient) and Diffusivity. The
difference in T90 between particle-associated and free-living enterococci (BeA) is always greater than 0 (C).
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persistence by the particle-associated fraction in the percentages
given above. FLT90 and PAT90 were more sensitive to rate changes
under estuarine (V ¼ 0.35 and V ¼ 0.28, respectively) than lake
(V¼ 0.09 and V¼ 0.12, respectively) conditions. Also, using equation
(5) for DT90, sensitivity of DT90 values to rate changes was lower for
the lake vs. estuarine conditions (V ¼ 0.073 and 0.243, respectively).

4. Discussion

4.1. Empirically-determined growth and sinking rates

While numerous studies have quantified growth or decay rates
of enterococci and other FIBs, this is the first study to separately
quantify growth rates for particle-associated and free-living
enterococci populations. The higher light-dependent and dark
growth rates of particle-associated vs. free-living enterococci are
consistent with arguments that particles provide a more favorable
environment for bacteria, including FIB. The two fractions also
differed because particle-associated enterococci had measurable
sinking rates, while the free-living fraction remained suspended.
These quantitative differences in rates that are critical for FIB
ecological dynamics in receiving water bodies highlight the
important distinctions between these two fractions.

4.1.1. Dark, temperature-dependent growth
The temperature dependence of mean dark growth rates

measured in this study for the total fraction of enterococci was
consistent with previous empirical studies. Many studies have re-
ported more negative dark growth rates at high temperatures and
growth rates closer to 0 per day at low temperatures (Craig et al.,
2002; Noble et al., 2004; Boehm et al., 2018). Further, greater
persistence of FIB observed in winter than summer (Maïga et al.,
2009; Maraccini et al., 2016; Ballest�e et al., 2018) has been
partially attributed to lower temperatures. However, our results
demonstrate that temperature-dependence of total fraction growth
rates in our experiments was primarily driven by the free-living
fraction, as mean particle-associated enterococci growth rates
were more consistent across the temperature range. Note that
mean dark growth rates of the particle-associated fraction were
positive at every temperature, while those of the free-living frac-
tion became negative at higher temperatures. Therefore, some of
the variability of temperature-dependent growth rates in previous
studies may be due to the variable degree of particle association of
FIB in the population studied. Based on results of this study, dark
growth rates measured for a predominantly free-living population
of enterococci could show greater temperature dependence and
overall be more negative, while less temperature dependence and
even positive growth rates could be found in a population of
enterococci that was predominantly particle-associated.

Dark growth rates of total enterococci measured in this study
were also comparable to the means and variability reported in
other studies at similar temperatures (Table 3). In our data, mean
dark growth rates were towards the higher end of the range of
values at each temperature presented in Table 3, implying longer



Fig. 3. Later discharge model run T90.
Simulated persistence, T90, for free-living (A) and particle-associated (B) enterococci is shown using standard run values and a discharge time of 16 h, immediately prior to sunset.
T90values are shown via color bar and are plotted along a wide range of Kd (diffuse attenuation coefficient) and Diffusivity. The difference in T90 for particle-associated and free-
living enterococci (BeA) is consistently greater than 0 (C).

Fig. 4. Model variability from rate manipulation.
Model variability (V), measured by comparing standard run value model outputs to 1000 different runs per sensitivity test (calculated using the range-normalized, root mean
squared deviation formula, equation 5), is plotted against each sensitivity test. Outputs are grouped according to which rates were manipulated over the 1000 simulations: all rates,
temperature-dependent growth, light-dependent growth, or sinking. Variability outputs are labeled to denote if tests were performed for approximated lake or estuary conditions.
Particle-associated predictions are denoted by stippling. Sensitivity tests where all simulations resulted in T90 > 100 h are denoted by the symbol Ø.
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persistence. This was most notable at 5 �C, where all fractions of
enterococci experienced positive growth, contrary to the low
negative growth for FIB commonly observed at this temperature
(e.g. Evison, 1988; Menon et al., 2003). Positive extra-enteric
growth of enterococci has been observed in sediments (e.g. Jeng
et al., 2005; Yamahara et al., 2009), in association with organic
rich substrates, such as algae and vegetation (e.g. Byappanahalli
et al., 2003; Byappanahalli and Whitman, 2009; Imamura et al.,



Table 3
Survey of Empirically-Determined Enterococci Growth Rates. A summary table of dark and light-dependent enterococci growth rates with temperature, enterococci source,
and matrix distinction. Rates (day-1) are reported as: mean (standard deviation, when available).

Experiment Paper Temperature (℃) Enterococci Source Matrix

Light 4e10 14 15e20 25e30

Dark Suter and Juhl 2008a �0.02 (0.11) �0.17 (0.22) �0.83 (0.41) cultured enterococci Hudson River water
Dark �0.80 (0.51) cultured enterococci Hudson River water
Dark �0.22 (0.11) �0.14 (0.03) cultured enterococci NY Harbor water
Dark Jeng (2005) �0.18 cultured enterococcus faecalis “estuarine water"
Dark Noble (2004) �0.38 (0.12) �0.46 (0.10) Urban runoff (storm drain) seawater
Dark �0.48 (0.14) �0.31 (0.12) raw effluent WWTP seawater
Dark Craig (2002) �0.26 (0.11) �0.41 (0.24) �1.01 (0.97) cultured enterococci seawater
Dark Sinton et al. (2002) �0.40 (0.10) waste stabilization pond (WSP) effluent WSP
Dark �0.29 (0.05) raw sewage freshwater
Dark Sinton (1994) �0.12 (0.09) �0.19 (0.01) sewage effluent seawater

Full Sun Mattioli (2017) �3.90 (0.65) cultured enterococci seawater
Full Sun Maracinni (2016) �3.90 (0.38) raw sewage seawater

�2.75 (0.20) raw sewage freshwater
Full Sun Juhl 2009a �13.8 (2.5) Hudson River Estuary (in situ) estuarine water
Full Sun Suter and Juhl 2008a �26.1 (0.21) cultured enterococci estuarine water
10% Sun �5.5 (1.1) cultured enterococci estuarine water
High Noble (2004) �6.17 (0.18) raw effluent source seawater
Low �5.84 (0.53) raw effluent source seawater
High �6.54 (0.16) raw effluent source freshwater
Low �5.84 (�.32) raw effluent source freshwater
Full Sun Sinton (2002) �3.14 raw sewage freshwater

�3.72 raw sewage simulated estuarine water
�4.73 raw sewage seawater
�5.38 waste stabilization pond (WSP) effluent freshwater
�5.59 waste stabilization pond (WSP) effluent simulated estuarine water
�7.34 waste stabilization pond (WSP) effluent seawater

Cloudy Sky �5.02 raw sewage freshwater
�4.54 raw sewage simulated estuarine water
�8.11 raw sewage seawater
�5.45 waste stabilization pond (WSP) effluent freshwater
�6.70 waste stabilization pond (WSP) effluent simulated estuarine water
�7.54 waste stabilization pond (WSP) effluent seawater

Full Sun Davies-Colley (1994) �40.90 sewage effluent seawater
Low Cloud Sinton (1994) �4.61 raw sewage effluent seawater
Clear to Cloudy �8.63 raw sewage effluent seawater

a Denotes unpublished data.
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2011), and in treated wastewater with high dissolved nutrients
(Surbeck et al., 2010). Therefore, our relatively high growth rates
could be related to high levels of dissolved organic matter in the
Hudson River (Findlay, 2005).

Similarly, higher substrate availability on particles could
contribute to the elevated dark growth rates of particle-associated
vs. free-living enterococci. Because dark growth rates aggregate
numerous ecological and physiological processes, other potential
advantages of particle association (Davies and Bavor, 2000; Craig
et al., 2002; Hess-Erga et al., 2008) may also drive differences in
dark growth rates observed between the two fractions. In any case,
our data support the hypothesis that particle association benefits
enterococci survival, similar to results reported for particle-
associated E. coli (Garcia-Armisen and Servais, 2009). Further-
more, positive growth for the particle-associated fraction of
enterococci contradicts the general assumption that the extra-
enteric ecology of FIB populations is dominated by loss. It re-
mains an open question if other sewage-derived bacteria have
similar particle association and ecological dynamics.

4.1.2. Light-dependent growth
Consistent with previous studies, enterococci growth rates un-

der sunlight exposure were significantly more negative than dark
growth rates. The mean and variance of light-dependent growth
rates of total enterococci observed in this study fall within ranges
reported in the literature (Table 3). High variability of reported rates
within and between studies is unsurprising, as different factors can
interact with light to alter light-induced inactivation rates (Davies-
Colley et al., 1994; Maïga et al., 2009; Yeh et al., 2011). Furthermore,
our study is based on short experiments during maximum sunlight
exposure and minimal cloud cover, so the rates we report are likely
the maximum for the day.

The more negative light-dependent growth rates of free-living
enterococci in this study are consistent with size fractionation
studies that report the most negative FIB light-dependent growth
rates for the smallest size fractions, which include free-living cells
(Qualls et al., 1983; Madge and Jensen, 2006; Walters et al., 2014).
Differing growth rates reported for various size fractions could
relate to differences in shading efficacy. However, we cannot
resolve the mechanism responsible for the higher mean light-
dependent growth rates of particle-associated vs. free-living
enterococci from our experiments, indicating future research is
warranted.

4.1.3. Sinking rate distribution
Direct observations of FIB sinking rates are rare, but the reported

range of 0.5e1.6 m/day for particle-associated fecal coliforms and
E. coli (Auer and Niehaus, 1993; Garcia-Armisen and Servais, 2009)
encompasses particle-associated enterococci sinking rates found in
this study. Some modeling studies have used ideal calculations of
particle deposition and resuspension (Steets and Holden, 2003;
Sanders et al., 2005) or Stokes’ law (Cho et al. 2010) for estimating
sinking of FIB. Much higher particle-associated FIB sinking rates
have been estimated in streams where the particles are
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predominantly resuspended sediment (Jamieson et al., 2005a).
Particle size preference of FIB likely influences sinking rates. FIB
sinking rates that are slow relative to the rest of the particle field,
like in this study, suggest dominant FIB attachment to smaller
particles. Previous studies have often found FIB to be more
frequently associated with fine sediments and particles (Davies and
Bavor, 2000; Jamieson et al., 2004; Walters et al., 2014), though not
always (Mote et al., 2012). Particle composition also very likely
plays a role in altering sinking rates through particle density and
structure. By assessing a sinking rate distribution rather than a
mean rate, this study encompasses some of the variability in
enterococci sinking due to particle composition. Further research
on particle size or type preference of sewagemicrobes would better
constrain sinking rates that should be used in models of FIB
persistence.

4.2. Simulated persistence of particle-associated and free-living
enterococci

Recent FIB modeling studies cite a lack of confidence in
parameterizing distinct growth rates for particle-associated and
free-living FIB. This is the first modeling study to 1) incorporate
empirically-quantified, distinct growth rates for particle-associated
and free-living enterococci and, 2) simulate how variation in light
exposure with time of day and depth could affect FIB persistence.
Results of these simulations demonstrate distinct ecological dy-
namics for particle-associated vs. free-living enterococci, stemming
from quantitative differences in critical rates, which supports
measuring the two fractions as distinct populations and consid-
ering the impacts of FIB particle association in water quality
management.

4.2.1. Modeled dark growth
Many models represent FIB growth via background rates that

depend on temperature (Neitsch et al., 2009; Hipsey et al., 2008;
Kim et al., 2010; Niazi et al., 2015), and sometimes salinity (Chen
and Liu, 2017). Our total enterococci growth rates support the
former, though temperature influenced dark growth rates less than
particle association. Salinity impacts were not included in our
model because we found no impact of salinity in our experiments
and literature reports of the impact of salinity are inconsistent,
suggesting lower enterococci sensitivity to salinity than other FIB
(Noble et al., 2004; Anderson et al., 2005).

4.2.2. Modeled light-dependent growth
Some previous FIB models have highlighted the importance of

light effects on FIB growth rates, including light variability due to
day vs. night, sunlight intensity, depth, and water column turbidity
(Auer and Niehaus,1993; Hellweger andMasopust, 2008; Cho et al.,
2010; Gao et al., 2015). However, light-dependence was also
omitted, or not explicitly incorporated, in other previous modeling
studies (Russo et al., 2011; Chen and Liu, 2017; Wen et al., 2017), at
least partly due to insufficient data. Including variable light-
dependent growth rates improved model validation against field
data in some cases (Cho et al., 2010), though not in others
(Hellweger and Masopust, 2008; Rippy et al., 2013a). In Rippy et al.
(2013a) the lack of impact of varying light-dependent growth rates
on model outputs could be due to the relatively short study dura-
tion (5 h sunlight exposure), while Hellweger and Masopust (2008)
argued that their model may have been biased by using a single
water column Kd throughout their study region. Our simulations
indicated that varying Kd notably altered FIB persistence, support-
ing the argument that use of a single Kd value could weaken model
validation against field data. Moreover, the combined dependence
in our model of light-dependent growth rates on time of day, light
attenuation, and depth in water column underscored the impor-
tance of including variability of light in FIB persistence predictions.

4.2.3. Distinguishing particle-associated and free-living enterococci
Incorporation of subpopulations with different growth rates, as

in this study, is rare in FIB models. Uniform growth rate parameters
are commonly imposed across total FIB populations (Hipsey et al.,
2008; Coffey et al., 2010; Bougeard et al., 2011; Pandey et al.,
2016), though some models have simulated FIB populations of
differential persistence (Sadeghi and Arnold, 2002; Hellweger and
Masopust, 2008; Bucci et al., 2012; Rippy et al., 2013b) or distin-
guished particle-associated and free-living FIB (de Brauwere et al.,
2014; Chen and Liu, 2017). When included in FIB fate models,
particle association is primarily linked to transport processes, like
resuspension and deposition to the sediments (R. C. Jamieson et al.,
2005; R. Jamieson et al., 2005; Yang et al., 2008; Cho et al., 2010;
Kim et al., 2010; Feng et al., 2016), though deBrauwere et al. (2014)
included a positive impact of particle association on growth rates of
E. coli. The divergent persistence between independently parame-
terized particle-associated and free-living fractions in our simula-
tions suggests that future FIB modeling studies should distinguish
these subpopulations, whether or not sediment resuspension is
incorporated within the model.

4.2.4. Simulated impacts of Kd and D on persistence
In our model, Kd and D, reflective of literature values (Table 4),

control enterococci persistence, as all fractions can be transported
vertically via turbulent motion (D) and particle-associated cells also
sink, both processes that alter light exposure in accordance with Kd.
Because solar inactivation of FIB is caused by both UV and visible
light (Fujioka et al., 1981; Davies-Colley et al., 1994; Sinton et al.,
2002), Kd values in these simulations can be contextualized by
comparisons to Kd PAR. However, the conclusions of this study are
not based on wavelength-specific Kd, and predictions for any
wavelength band could be extracted by selecting an appropriate Kd
value. In our simulations, high Kd values lowered the effect of light
exposure on growth rates at each depth, making net growth rates
more dependent on dark growth rates. These trends are consistent
with experiments demonstrating that light-dependent growth rates
of enterococci are less negative with increasing turbidity (Alkan
et al., 1995; Whitman et al., 2004; Kay et al., 2005; Guti�errez-
Cacciabue et al., 2016) and that rates in turbid water were similar
to dark growth rates (Kay et al., 2005). In addition, the proportion-
ality of light-dependent growth rates in our model as light exposure
changes due to depth and time of day is supported by commensurate
changes in FIB growth rates with varying light exposure due to
turbidity (Kay et al., 2005), depth (Davies-Colley et al., 1994), and
exposure time (Auer and Niehaus, 1993; Sinton et al., 2002).

Turbulence, as represented by D, primarily affected enterococci
persistence in our model by impacting their depth distribution,
which altered light exposure according to Kd. Our simulations
suggest interactive effects of Kd and D as seen by the greater in-
crease in T90 (of both fractions) when Kd and D increased together,
as opposed to separately. Impacts of turbulence on enterococci
growth rates or water column concentrations in previous studies
have also been linked to changes in turbidity (Palmateer et al.,1989;
Whitman et al., 2004), demonstrating empirical support for an
interaction between turbulence and turbidity on FIB. Direct effects
of turbulence on FIB growth rates have been suggested (Al-Homoud
and Hondzo, 2008), though are not included in this model. Vertical
mixing has also been previously connected to increased water
column concentrations of FIB through resuspension of sediment-
bound FIB (Steets and Holden, 2003; Craig et al., 2004). While the
source potential of longer persisting enterococci at depth is
acknowledged in our model by the mixing up from deeper layers of



Table 4
Survey of Empirically-Determined Diffuse Attenuation and Diffusivity Values. A summary table of values of diffuse attenuation of light coefficients (Kd) and turbulent
diffusivity values (D) reported from different water body types. Units for Kd are m�1 and units for D are m2/s.

Parameter Paper Value m�1 OR m2/s Sample Type Location

Kd 420 nm Morel et al. (2007) 0.012 open ocean South Pacific gyre
Kd 400e590 nm Tyler, ed. (1973) 0.025 open ocean Sargasso Sea
Kd PAR unpublished; in Austin and Petzold (1986) 0.043e0.227 coastal & offshore ocean California Bight
Kd PAR Rose et al. (2009) 0.066 oligotrophic lake Lake Tahoe
Kd PAR Lund-Hansen (2004) 0.152e0.557 sea/estuarine transition North Sea-Baltic Sea estuarine transition
Kd PAR Stross and Sokol (1989) 2.02 estuarine system (average) Hudson River Estuary
Kd PAR Cole et al. (1992) 1e2, 4 estuarine system Hudson River Estuary (summer, winter)
Kd PAR Carter and Rybicki (1990) 1.5e4 estuarine system Potomac River & Estuary
Kd 470 nm Champ et al. (1980) 2.44 estuarine system Chesapeake Bay
Diffusivity Toole et al. (1994) 1*10-5 ocean background internal wave field abyssal NE Pacific & NE Atlantic Ocean
Diffusivity Quay et al. (1980) 5*10-9e 1.7*10-7 lake ELA Lake 227
Diffusivity 8*10-8 e 1.8*10-6 lake ELA Lake 224
Diffusivity Wodka et al. (1983) 6*10-6 lake Onondaga Lake (early summer)
Diffusivity 2*10-7 lake Onondaga Lake (late summer)
Diffusivity Geyer and Signell (1992) 2*10-3 e 6*10-2 estuarine general bays & estuaries estimate
Diffusivity Orton and Kineke (2001) 5*10-3e 3*10-2 estuarine Hudson River Estuary (calculations)
Diffusivity Stacey et al. (1999) 2*10-2 bay San Francisco Bay (rapid mixing event)
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both fractions, we did not explicitly include deposition or resus-
pension from sediments.

At every value of Kd and D in the standard run simulations,
particle-associated enterococci persisted longer than free-living
enterococci. Minimal DT90 corresponded to when Kd or D were
close to 0, reflecting clear and/or quiescent conditions, while
greater DT90 corresponded to higher Kd and D, representing more
turbid and/or turbulent waters. Variation in DT90 between fractions
predominantly reflected patterns of FLT90 and was greatest at the
transitions from low to moderate values of both Kd and D. It is
worth noting that the sharp contrast surrounding the regions of
maximal DT90 (transition from dark blue to lighter blue contours in
the upper portion of Fig. 2C) is partially due to the imposed
maximum T90 value of 100 h in these simulations. Had simulations
been run longer, the dark blue region of maximum difference
would likely extend further along the axis of increasing Kd.

4.2.5. Simulated diel cycle effects on persistence
In urban areas,where FIB abundance is dominated by intermittent

point source discharges (e.g. combined sewer overflows), sewage
discharges canoccur atdifferent times throughout the diel cycle,with
correspondingly altered light exposure for discharged FIB. In this
study, persistence for both fractions increased for simulated dis-
charges occurring closer to sunset (16 h), due to the interaction be-
tween turbulence and light exposure. For example, simulated
discharges at sunset (16 h) allowed a portion of both enterococci
fractions tobe transporteddeeper in thewatercolumnbefore sunrise,
decreasing cumulative light-induced inactivation and increasing T90
values by at least 24 h (compared to modeled sunrise discharge).
Simulated free-living enterococci benefited the most from mixing
during dark period hours. The greatest increase in simulated FLT90
occurred at low to moderate D and high Kd, when some cells were
transported into low-light, deep layers. As in the sunrise discharge
scenario, at high D, vertical transport increased cumulative light
exposure of simulated enterococci and decreasedpersistence. Results
from these simulations suggest that discharge timing within a diel
cycle may be an important factor in predicting enterococci persis-
tence. Future FIB studies could include high frequency sampling
within a diel cycle to test this hypothesis against fieldmeasurements.

4.3. Model sensitivity testing

In model sensitivity tests, FLT90 was generally more variable
than PAT90, and simulated estuarine conditions led to greater FLT90
variability than in the lake simulations. Higher variability under
estuarine conditions was due to the steeper vertical gradient in
light exposurewith depth than in the lake conditions. One caveat to
these tests was that variability in PAT90 was not calculated for the
estuarine simulations because the time scale exceeded 100 h.
Nevertheless, in both estuarine and lake conditions, 80e90% of
simulations from the second set of sensitivity tests, where all rates
were allowed to vary, resulted in greater persistence of particle-
associated than free-living enterococci. The consistency of this
result across wide parameter ranges strongly supports the hy-
pothesis that particle association can prolong FIB environmental
persistence.

In general, of the parameters manipulated in sensitivity testing,
our model was most sensitive to changes in dark growth rate.
However, the lower model sensitivity to variable light-dependent
growth rates does not indicate a lack of importance of these rates
for predicting persistence. In simulations where light-dependent
growth rates were omitted from our model, T90 was 100þ hours
for both fractions throughout the range of Kd and D (data not
shown). Similarly, the importance of light-dependent growth rates
on persistence is shown by the effect of Kd on T90 patterns of both
fractions. Sinking rates only affected the particle-associated frac-
tion and, under the lake conditions, resulted in PAT90 variability
that fell between light and dark PAT90 variability. Sinking rate
sensitivity tests, therefore, suggest that empirically well-
constrained sinking rates are more important for predicting
particle-associated FIB persistence under lake compared to estua-
rine conditions. Overall, simulations in which sinking rate was
omitted led to similar T90 predictions of particle-associated
enterococci, except at relatively low Kd and D conditions (Fig. A5).
Sensitivity tests where all rates were modified resulted in vari-
ability similar to sensitivity tests where only dark growth rates
varied, underscoring the relative importance of quantifying dark
growth rates for modeling FIB persistence.
5. Conclusions

Particle association of enterococci increased critical growth
rates and induced sinking, leading to longer simulated persistence
of the particle-associated vs. free-living fraction across awide range
of physically-relevant values of diffuse light attenuation and tur-
bulent diffusivity. Future experiments could especially focus on
constraining fraction-specific dark, temperature-dependent
growth rates, due to the high sensitivity of simulated persistence
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to this rate. The generally higher sensitivity of simulated persis-
tence to changes in all rates in the estuarine scenario suggests that
empirical rate determination is especially critical in turbid and
turbulent water bodies. Further, increased simulated persistence of
both enterococci fractions with discharges later in the day suggests
that further research should examine the effects of sewage
discharge time within the diel cycle on downstream FIB persis-
tence. The important role of particle association in the extra-enteric
ecology of enterococci persistence revealed in this study suggests
that future research should assess the impacts of particle associa-
tion for other sewage-derived microbes, especially potential path-
ogens that pose human health risks.
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