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a b s t r a c t

A pilot-scale open-water unit process wetland was monitored for one year and found to be effective in
enhancing sunlight inactivation of fecal indicator bacteria (FIB). The removal of Escherichia coli and
enterococci in the open-water wetland receiving non-disinfected secondary municipal wastewater
reached 3 logs and 2 logs in summer time, respectively. Pigmented enterococci were shown to be
significantly more resistant to sunlight inactivation than non-pigmented enterococci. A model was
developed to predict the inactivation of E. coli, and pigmented and non-pigmented enterococci that
accounts for endogenous and exogenous sunlight inactivation mechanisms and dark processes. Endog-
enous inactivation rates were modeled using the sum of UVA and UVB irradiance. Exogenous inactivation
was only significant for enterococci, and was modeled as a function of steady-state singlet oxygen
concentration. The rate constants were determined from lab experiments and an empirical correction
factor was used to account for differences between lab and field conditions. The model was used to
predict removal rate constants for FIB in the pilot-scale wetland; considering the variability of the
monitoring data, there was general agreement between the modeled values and those determined from
measurements. Using the model, we estimate that open-water wetlands at 40� latitude with practical
sizes can achieve 3-log (99.9%) removal of E. coli and non-pigmented enterococci throughout the year
[5.5 ha and 7.0 ha per million gallons of wastewater effluent per day (MGD), respectively]. Differences in
sunlight inactivation rates observed between pigmented and non-pigmented enterococci, as well as
between lab-cultured and indigenous wastewater bacteria highlight the challenges of using FIB as model
organisms for actual pathogens in natural sunlit environments.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Constructed wetlands dominated by emergent macrophytes are
capable of providing modest removal of fecal indicator bacteria
(FIB) (e.g., up to 80% removal of total and fecal coliforms and 99%
removal of fecal streptococci) via cell die-off, attachment-sedi-
mentation, and predation processes (Kadlec and Wallace, 2009).
Sunlight inactivation, an important mode of disinfection in waste
stabilization ponds (Davies-Colley et al., 1997) and other sunlit
waters (Boehm et al., 2009; McGuigan et al., 2012), is usually
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insignificant in vegetated wetlands due to shading by emergent
macrophytes and floating vegetation. Unit process wetlands, con-
sisting of individual cells that are designed to treat specific con-
taminants, can promote sunlight inactivation in shallow, open-
water cells (Horne and Fleming-Singer, 2005; Jasper et al., 2013).

Three mechanisms of sunlight inactivation can affect bacteria in
shallow, open-water wetlands: direct and indirect endogenous
mechanisms and indirect exogenous mechanism (Davies-Colley
et al., 1999; Silverman et al., 2013). Direct endogenous inactiva-
tion is caused by damage to bacterial components that absorb solar
irradiation (e.g., nucleic acids) (Jagger, 1985). Indirect endogenous
inactivation occurs when solar irradiation is absorbed by endoge-
nous photosensitizers (e.g., NADH/NADPH, flavins, porphyrins) to
form reactive intermediates which can damage other components
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of the bacterium (Cunningham et al., 1985). Exogenous inactivation
occurs when photosensitizers in the water absorb solar irradiation
and produce exogenous reactive intermediates [e.g., singlet oxygen
(1O2), hydrogen peroxide (H2O2), superoxide ðO2

�Þ, and hydroxyl
radical (�OH)] (Cooper et al., 1989). The contribution of each
mechanism to sunlight inactivation is expected to vary for different
bacteria, depending on their susceptibility to each mechanism and
the water quality conditions. Despite the growing understanding of
sunlight inactivationmechanisms of bacteria, modeling approaches
have not yet been developed that account separately for endoge-
nous and exogenous inactivation mechanisms. Two recent papers
presented approaches formodeling the endogenous and exogenous
sunlight inactivation of viruses (Mattle et al., 2015; Silverman et al.,
2015); this paper builds upon the approach we developed in Sil-
verman et al.

The goals of this research were to evaluate the removal of
indigenous FIB in a pilot-scale open-water wetland receiving
nitrified, undisinfected wastewater, and to develop a predictive
model for FIB removal that accounts for endogenous and exogenous
inactivation mechanisms. Inactivation rate constants were deter-
mined from lab experiments and an empirical correction factor was
used to account for differences between lab and field conditions.
The model was evaluated using one year of monitoring data from
the pilot-scale open-water wetland. The improved understanding
of mechanisms and themodel can be used to optimize the design of
unit process wetlands for FIB removal. The modeling approach can
be applied to other sunlit waters, where sunlight inactivation also
plays a key role in FIB removal.

2. Materials and methods

The research consisted of six specific tasks. Tasks one through
four consisted of experiments, which are summarized in Table 1
(the task numbers are indicated). The tasks were: (1) monitoring
the removal of indigenous wastewater Escherichia coli and entero-
cocci in the open-water wetland for one year; (2) in-situ batch
experiments to measure inactivation rates of indigenous FIB in the
field under controlled conditions (e.g., simplified hydraulics and
known initial concentration); (3) lab experiments to determine
inactivation rates for endogenous and exogenous mechanisms of
lab-cultured E. coli and enterococcal isolates with simulated sun-
light; (4) lab comparison of sunlight inactivation rates of lab-
cultured and indigenous wastewater FIB collected from the
wetland influent; (5) development of the model to predict sunlight
inactivation rates of FIB in the wetland; and (6) comparison of
modeling results with the monitoring data. A detailed description
of each task is provided in the sections below.

We used kobs terms for experimentally measured inactivation
rates, and ktot terms for modeled inactivation rates, which are
Table 1
Summary of experiments conducted in this research.

Conditions Experiments

Pilot-scale open-water wetland
(task 1)

Monitoring concentrations of indigenous wastewater
for one year

In-situ batch reactor (task 2) Dark reactors
Light reactors

Laboratory Lab-cultured FIB in clear water (task 3)

Lab-cultured FIB in wetland water (task 3)

Lab-cultured FIB vs. Indigenous wastewater FIB in cle
water (task 4)
calculated as the sum of endogenous inactivation rate kendo, exog-
enous inactivation rate kexo, and dark removal rate kdark (see more
details in Section 2.3). The superscript L is used to denote measured
and modeled inactivation rates in the laboratory, B is for the in-situ
batch reactors, and W is for the wetland.

2.1. Experiments at the pilot-scale open-water wetland

2.1.1. Monitoring concentrations of indigenous FIB in the open-
water wetland (task 1)

Concentrations of E. coli and enterococci in a pilot-scale open-
water wetland in Discovery Bay, CA (37�540 N, 121�360 W) were
monitored throughout the year. The 400 m2 open-water cell was
approximately 20 cm deep and received approximately 86 m3 d�1

of nitrified, undisinfected wastewater (hereafter referred to as
wastewater) from the adjacent oxidation ditch at the Discovery Bay
wastewater treatment plant [servicing 12,560 people at the time of
the 2011 census (Demographics of The Town of Discovery Bay,
2011)]. The wetland contained three baffles to promote plug-flow
hydraulic conditions, and was lined with concrete and geotextile
fabric to prevent the growth of emergent macrophytes. A 2e10-cm
deep, porous, diffuse biomat composed of algae (mainly diatoms),
associated heterotrophic microbes, and detritus accumulated on
the wetland bottom (Jasper et al., 2014a). During the day, photo-
synthesis at the biomat surface increased the concentration of
dissolved oxygen throughout the water column.

Grab samples were collected from one to seven times per month
at different locations in thewetland (i.e., inlet, outlet, and turns 1, 2,
and 3) from January to December 2012. A photograph of the open-
water wetland with sampling locations can be found in Supple-
mentary Information (SI), Fig. S1. During September, part of
October, and November 2012 duckweed covered the entire water
surface of the wetland and sunlight exposure was minimal. Sam-
ples were collected in sterile bottles and stored on ice for less than
4 h prior to analysis. The concentrations (MPN/100mL) of E. coli and
enterococci were determined using Colilert and Enterolert defined
substrate assays implemented in 97 well Quanti-Trays following
vendor instructions (IDEXX, Westbook, MN).

pH, dissolved oxygen (DO), conductivity, and temperature
measurements of the wetland water were recorded each sampling
event using Manta multi-probes (Eureka Environmental) located at
the inlet and outlet of the cell (Fig. S2). Dissolved organic carbon
(DOC) concentrations (TOC-VSH, Shimadzu) and UVeVIS absor-
bance spectra (280e700 nm; pathlength 0.01 m; Lambda 35, Per-
kineElmer) were also measured (Fig. S3).

2.1.2. Experiments with in-situ batch reactors at the open-water
wetland (task 2)

Acrylic tanks (open on top) containing biomat collected from
Objectives

FIB - Characterize performance of pilot wetland
- Determine removal rate constants of indigenous FIB (kWobs) in the pilot
wetland

- Measure dark removal rate constant of indigenous FIB (kBdark)
- Measure total removal rate constant of indigenous FIB (kBobs)

- Characterize importance of endogenous mechanisms
- Determine endogenous inactivation rate constant (kLendo)
- Characterize importance of exogenous mechanism
- Determine exogenous inactivation rate constants (kLexo and k2)

ar - Measure the difference in susceptibility to sunlight inactivation of FIB from
these two sources
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the biomat layer at turn 2 in the open-water wetland and waste-
water from the wetland influent were used for in-situ (e.g. tanks
were immersed in the wetland) batch experiments. The wetland
influent (rather than effluent) was used to ensure high enough
initial concentrations of the indigenous indicator bacteria in the
batch reactors. A biomat volume of 4.75 L was mixed with 19 L of
wastewater, resulting in 20 cm total depth with 5 cm of sediment
after the sediment settled down in ~10 min. A separate experiment
was conducted to verify that the inactivation rates in tanks were
similar for 100% influent versus a 50:50mixture of wetland influent
and effluent (Fig. S6), confirming that the wetland influent could be
used to represent water in the whole wetland. Aluminum foil was
used to cover the outside of the reactors for dark controls. One dark
control was included in each experiment. A single biomat-free
control that contained only wastewater was also included in one
experiment. Reactors containing biomat and exposed to sunlight
were duplicated in each experiment. Grab samples were collected
at 8:00 and 17:00 (local time) on two consecutive days and
analyzed for E. coli and enterococci concentrations using IDEXX.
Experiments were conducted in August and October 2012, and June
2014. Due to the small percentage of water that was estimated to be
lost via evaporation (7.3 ± 1.1%; Jasper et al., 2014a), no water was
added during the course of the in-situ batch experiments.

The observed, first-order inactivation rate constants of indige-
nous wastewater bacteria in the in-situ batch reactors were
calculated from linear regression of ln(Ct/C0) versus time (kBobs, h

�1).
The reported data are mean values of duplicate samples ± one
standard error.
2.1.3. Isolation, pigmentation test, and speciation for indigenous
wastewater enterococci (tasks 1 and 2)

The pigmentation test was conducted with samples collected
from the wetland at three locations (inlet, turn 2, and outlet) on 3
days when thewetlandwas covered by duckweed, and 4 other days
in October 2012 when the water was exposed to sunlight. For in-
situ batch reactors, pigmentation tests were conducted for sam-
ples that were collected from dark controls and reactors exposed to
sunlight during two experiments in October 2012. Indigenous
enterococci were isolated from each positive well in the Enterolert
Quantitrays and tested for yellow pigmentation (Facklam and
Collins, 1989) (see SI for more details). A total of ~3200 isolates
was collected and tested for pigmentation. The relative abundance
(%) of pigmented and non-pigmented enterococci was calculated
based on the fraction of pigmented or non-pigmented isolates out
of the total number of isolates. To determine the concentration of
pigmented or non-pigmented enterococci in any sample, the total
concentration was multiplied by the relative abundance (repre-
sented as a fraction) for the same sample type (same location for
the wetland samples, and same treatment time for the batch re-
actors). The relative abundance values in samples collected in
October were used to determine concentrations of pigmented and
non-pigmented enterococci in samples collected from the open-
water wetland and in-situ reactors on other dates. This estima-
tion was conducted with an assumption that the relative abun-
dance values would change similarly as a function of treatment
time in any season. Eleven wetland water isolates (4 pigmented, 7
non-pigmented) were randomly chosen for 16S rRNA sequencing at
the UC Berkeley DNA sequencing facility to be confirmed as
enterococci. Details of 16S rRNA sequencing of these isolates are
presented in SI. 10 out of 11 of the chosen candidate isolates were
confirmed as enterococci and onewas identified as Lactococcus spp.
One pigmented and one non-pigmented enterococcal isolate were
chosen for inactivation experiments under simulated sunlight
(described below in Task 3).
2.1.4. Collecting indigenous FIB from wastewater from the wetland
influent (task 4)

Four pre-sterilized positively charged NanoCeram VS2.5-5 car-
tridge filters (Argonide Corporation, Sanford, FL) were used to
collect indigenous wastewater FIB from approximately 510 L (per
filter) of the wetland influent. Sample collection steps were con-
ducted following USEPA's instructions for concentrating water-
borne viruses using positively-charged cartridge filters (Fout et al.,
2001), and described in detail in SI. Briefly, the bacteria trapped in
the cartridge filters were eluted using Beef Extract (3% Beef Extract,
3% Tween 80, 0.3 M NaCl, pH 9.0), followed by sequential steps of
centrifugation and washing the pellets with sterile phosphate-
buffered saline (PBS, 5 mM NaH2PO4, 18 mM Na2HPO4, 145 mM
NaCl, pH 7.5) to clean the bacterial cells. After the collection and
purification steps, the concentrations of indigenous E. coli and
enterococci were 3 � 107 and 1 � 106 most probable number
(MPN)/100 mL, respectively; their initial concentrations in the
wastewater were 3 � 104 and 1 � 103 MPN/100 mL, respectively.
The recovery of the bacteria after the collection and purification
procedure was approximately 2%.

2.2. Lab experiments (tasks 3 and 4)

2.2.1. Growing and harvesting lab-cultured bacteria
The five lab-cultured bacteria used in this studywere E. coliNCM

4236, Enterococcus faecalis ATCC 19433, Enterococcus casseliflavus
ATCC 25788, and pigmented and non-pigmented enterococcal
isolates from the wetland (Table S1). Lab-cultured bacteria were
stored as glycerol stocks at e 80 �C. Broth cultures were prepared
fresh daily by inoculating the glycerol stocks in tryptic soy (BD,
Difco 211825) and brain heart infusion (BD, Difco 237500) broths
for E. coli and enterococci, respectively. Broth cultures were then
incubated at 37 �C for 24 h for the bacteria to reach stationary
phase. Cells were pelleted by centrifuging at 6800 � g for 3 min,
then washed and resuspended with PBS. The initial concentrations
of bacteria were ~107 colony forming units (CFU)/mL in sunlight
inactivation experiments under simulated sunlight.

2.2.2. Inactivation experiments under simulated sunlight
Bacteria were added to clear water (20 mM NaH2PO4, 10 mM

NaCl, pH adjusted to 7.5) or wetlandwater (collected at the outlet of
the open-water wetland at Discovery Bay, pH adjusted to 7.5). Ex-
periments were conducted in uncovered, 5-cm deep, black-painted,
glass beakers, which were stirred and maintained at 20 �C. The
beakers were irradiated using an ozone-free 1000 W Xe arc lamp
housed in a solar simulator (Oriel, model number 91194; Newport;
Irvine, CA) fitted with a 1.5:G:A global air mass filter (Newport, part
number 81388) and an atmospheric attenuation filter (Newport,
part number 81017) to mimic the solar spectrum at summer noon
at Discovery Bay. Some experiments were also conducted with a
UVB-blocking filter (see Fig. S7 for solar simulator spectra). Dark
controls were maintained under the same conditions as light
samples, but covered with aluminum foil. Subsamples were
collected periodically for enumeration of E. coli or enterococci using
spread plate method. Selective media mTEC agar (BD, Difco,
214884) and mEnterococcus agar (BD, Difco, 274620) were used for
enumeration of E. coli and enterococci, respectively, to avoid
interference of other microorganisms in wetland water. Experi-
ments were conducted in duplicate reactors on the same day using
the same bacterial seed culture.

The observed, first-order inactivation rate constants of bacteria
in lab experiments were calculated from linear regression of graphs
of ln(Ct/C0) verses either time (kLobs, h�1) or photon fluence
(kLobs;photon, m

2 Ei�1). kLobs;photon values were kLobs values after cor-
recting for light screening. The observed inactivation rates of
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duplicate reactors were averaged and are reported as the mean
values ± one standard error.

2.3. Modeling inactivation of FIB in in-situ batch reactors and the
open-water wetland (task 5)

Themodeled inactivation rate constants in in-situ batch reactors
and the open-water wetland (kitot , i ¼ B for in-situ batch reactors or
W for open-water wetland) were estimated as the sum of the rate
constants of all possible inactivation processes, including: sunlight
inactivation (endogenous and exogenous mechanisms, kiendo and
kiexo), and dark inactivation (kidark):

kitot ¼ kiendo þ kiexo þ kidark (1)

kWdark values of the FIB were assumed to be equal to their kBdark
values from dark controls in in-situ batch experiments. The water
column was assumed to be equal to 20 cm throughout the whole
wetland, and the water was well-mixed across this depth. As in
previous research, kiendo and kiexo values of the FIB were multiplied
by 15/20 to account for the shading effect of the 5-cm thick biomat
layer on the bottom of the wetland (Jasper and Sedlak, 2013;
Silverman et al., 2015).

The main steps for modeling the inactivation rate constants for
indigenous FIB in the pilot-scale wetland, kWendo and kWexo, are sum-
marized here with further description in sections below.

- Rate constants determined from lab experiments (kLendo and kLexo)
were adjusted to the field conditions of the pilot-scale wetland
to account for differences in sunlight spectra, water column
absorbance, and steady-state singlet oxygen concentrations.

- A correction factor (r) was used to correct for differences be-
tween lab-cultured and indigenous FIB, as well as other dis-
crepancies between lab and wetland conditions (e.g., diurnal
fluctuation of pH, DO, and temperature).
2.3.1. Determining solar irradiance
Solar irradiance was measured in the field using a spectroradi-

ometer with a cosine detector (EPP2000-HR, CR2; StellarNet Inc.).
These data were used for modeling the conditions in the in-situ
batch reactors on two cloudy days in October 2012. For modeling
the sunlight conditions on all other (sunny) days, solar irradiance
was predicted for each hour and averaged for 24 h using the Simple
Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS)
(Gueymard, 2005) (Fig. S4). To model inactivation in the wetland,
irradiance values were predicted for the 21st day of each month
using SMARTS. Solar irradiance at different depths in the water
column was estimated as previously described (see SI for more
details, Fig. S5) (Nguyen et al., 2014).

2.3.2. Calculating kBendo
Values of kBendo (d�1) were estimated based on the inactivation

rates of lab-cultured bacteria in clear water without photosensi-
tizers (kLendo, h

�1) under full spectrum simulated sunlight. Due to
the lack of photoaction spectra for the bacteria, it was assumed that
the inactivation rates scaled linearly with total UVA and UVB irra-
diance (280e400 nm), as these are the wavelengths responsible for
the majority of endogenous inactivation of E. coli and enterococci
(Davies-Colley et al., 1997; Kadir and Nelson, 2014; Sinton et al.,
2002). This approach is supported by previous research demon-
strating that sunlight inactivation rates of E. coli were a function of
fluence (the product of irradiance and time; Berney et al., 2006b),
although it should be noted that significant shifts in the proportion
of UVA and UVB light may alter this dependence on fluence
(Nguyen et al., 2014; Silverman et al., 2015).

kBendo ¼ 24� kLendo �
P400

l¼280
�
Esun0 ðz; lÞ�zP400

l¼280

D
Esim0 ðz; lÞ

E
z

(2)

Values for kLendo (h�1) are the inactivation rate constants deter-
mined from experiments of lab-cultured E. coli, and pigmented and
non-pigmented enterococcal isolates in clear water with full-
spectrum simulated sunlight. Equation (2) was multiplied by

24 h/d to convert units to d�1.
P400

l¼280hEsim0 ðz; lÞiz is the sum of
depth-averaged scalar simulated light irradiance from 280 to
400 nm in the clear water column of the reactor, andP400

l¼280hEsun0 ðz; lÞiz is the sum of 24 h-averaged, depth-averaged
scalar solar irradiance in the wetland water column; additional
details of the light irradiance calculations are presented in SI and
Table S2.

2.3.3. Calculating kBexo
Exogenous inactivation rates were only calculated for entero-

cocci due to the resistance of the lab strain E. coli to the exogenous
mechanism (see Results). kBexo values of indigenous enterococci in
in-situ batch reactors were calculated as a function of the steady-
state concentration of 1O2 because it was previously found to be
an important reactive intermediate contributing to the inactivation
of MS2 bacteriophage (Kohn and Nelson, 2007), and is likely
involved in the exogenous inactivation of Ent. faecalis (Kadir and
Nelson, 2014). The impact of �OH, which is mainly produced by
photolysis of NO3

� in the wetland ð½NO�
3 �influent ¼ 21 mg N L�1Þ on

the exogenous inactivation of the FIB was assumed to be negligible
because there was no observed enhancement in sunlight inacti-
vation of lab-cultured E. coli and Ent. faecalis in the presence of
added NO3

� (0, 20 and 100 mg N L�1) (data not shown). It is likely
that other reactive intermediates are involved in exogenous inac-
tivation, but given the incomplete knowledge it was assumed that
all exogenous processes scale with the steady-state concentration
of 1O2. Thus, inactivation by the exogenous mechanism was
modeled as a pseudo, first-order reaction with the rate constant
kBexo defined as follows:

kBexo ¼ k2 � ½1O2�ss;bulk;mod (3)

where k2 is an apparent second-order rate constant for the reaction
between 1O2 and enterococcal isolates, and ½1O2�ss;bulk;mod is the
modeled steady-state concentration of singlet oxygen in wetland
water in the field. The k2 values were calculated from the measured
½1O2�ss;bulk and kLobs values in experiments in clear water and in
wetland water under full spectrum simulated sunlight. It should be
noted that k2 values would likely vary in other water matrices that
have different characteristics (e.g., different association between
sensitizers and bacterial cells, different relative contributions of
reactive intermediates). More details of calculations of k2 and
½1O2�ss;bulk;mod are presented in SI and Table S3.

2.3.4. Calculating the ratio of modeled and measured inactivation
rates, r

To account for differences between lab and wetland conditions
(e.g., susceptibility to sunlight inactivation of lab-cultured FIB vs.
indigenous FIB, diurnal fluctuation of pH and DO), we calculated the
ratio of modeled and measured inactivation rates in in-situ batch

reactors in the field

 
r ¼ kBtot

.
kBobs

!
and used r as a correction

factor for the prediction of inactivation rates in the pilot-scale
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wetland. kBobs values were measured from in-situ batch experi-

ments, as described above. kBtot values are the modeled values,
calculated as the sum of kBendo, k

B
exo , and kBdark using Equations

(1)e(3). The r values were calculated using kB instead of kW to avoid
the possible influence of unknown factors (e.g., hydraulic short-
circuiting, varying FIB concentrations in the influent).
2.3.5. Calculating kWendoand kWexo
Sunlight inactivation rates of indigenous E. coli and enterococci

in the wetland were calculated using Equations (2) and (3), and
corrected for the difference between lab and wetland conditions
using their respective r values:

kWendo ¼ 1
r
� 24� kLendo �

P400
l¼280

�
Esun0 ðz; lÞ�zP400

l¼280

D
Esim0 ðz; lÞ

E
z

(4)

kWexo ¼ 1
r
� k2 � ½1O2�ss;bulk;mod (5)
2.4. Comparison of modeled and measured inactivation (task 6)

The observed first-order inactivation rates of FIB in the pilot-
scale open-water wetland (kWobs ) were determined from the
monitoring data using the same approach described in our previous
paper (Silverman et al., 2015). Briefly, kWobs values were calculated
from monitoring data using the Wehner-Wilhelm equation, which
describes a system with non-ideal flow and first-order kinetics
(Wehner and Wilhelm, 1956).

�
Cx
C0

�W
¼

4a exp
�

1
2d

�

ð1þ aÞ2exp
�

a
2d

	
� ð1� aÞ2exp

�
� a

2d

	 (6)

where a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4kWobs$qx$d

q
; Cx and C0 are the bacteria concentra-

tions at each sampling location (x) and at the inlet, respectively, d is
the dispersion number, and qx is the mean hydraulic retention time
for each sampling location. Cx and C0 values are themonitoring data
measured on a particular day. Values of d and total qx were deter-
mined to be 0.08 and 1.12 d, respectively (Silverman et al., 2015),
based on the Rhodamine-WT tracer test (tracer test recovery was
77%) (Jasper et al., 2014a). It was assumed that qx values at sampling
locations turns 1, 2, and 3 correspond to 1/3, 1/2, and 2/3 of total qx,
respectively. Values of kWobs were solved from Equation (6) using
Solver (Microsoft Excel) by minimizing the root-mean-square error
between Cx/C0 values calculated from Equation (6) and observed Cx/
C0 values of FIB throughout the year. The modeled values, kWmod,

were calculated as the sum of kWendo, k
W
exo, and kBdark using Equations

(1), (4) and (5), and then compared with the observed values, kWobs.
2.5. Statistical tests

GraphPad Prism 6.0.1 (GraphPad Software, La Jolla, CA) was used
to perform all statistical tests. Comparison of inactivation rate
constants was performed using two-way ANOVA or paired t-tests,
depending on the number of variables examined.
3. Results

3.1. Removal of the FIB in the open-water wetland

The removal of E. coli from the inlet to the outlet in the open-
water wetland [�log(Cout/C0), where Cout and C0 are concentra-
tions of E. coli at the outlet and the inlet, respectively] generally
increased with an increase in solar intensity, from 0.6 log in
December to about 3 logs in June and July (Fig.1a). The lowest E. coli
removal (~0.5 log) occurred when the water surface was covered
completely by duckweed (i.e., the water had minimal exposure to
sunlight), suggesting that sunlight inactivation was the main
contributor to the removal of E. coli in the wetland. The removal
under duckweed covered conditions was likely due to cell die-off,
particle attachment-sedimentation, and predation processes
(Kadlec andWallace, 2009). From April to July, the removal of E. coli
from the inlet to turn 1 (~2 logs) was significantly higher than from
turn 1 to the outlet (E. coli cells that aremore susceptible to sunlight
inactivation.

Similar to E. coli, the removal of enterococci was lowest
(~0.6 log) when duckweed covered the wetland, and increased
when water was exposed to sunlight with the highest removal of
2.1 logs in April 2012 (Fig. 1b). Pigmentation tests revealed that the
composition of enterococci in the wetland water included both
pigmented and non-pigmented species (Fig. 2). The concentration
of non-pigmented enterococci decreased significantly throughout
thewetland, whereas therewas no significant change in pigmented
enterococci concentration, suggesting that the lower removal of
enterococci compared to E. coli was due to the resistance of pig-
mented cells to sunlight inactivation.

3.2. Inactivation of lab-cultured bacteria under simulated sunlight

Lab experiments were conducted with clear water and wetland
water under both full spectrum and UVB-blocked simulated sun-
light to determine the kinetic parameters for endogenous and
exogenous inactivation of lab-cultured bacteria. Under both light
conditions, the inactivation of E. coli was lower in wetland water
than in clear water before correcting for light screening (Fig. 3a),
but was similar to clear water after correcting for light screening
(Fig. 3b), indicating that exogenous mechanisms did not play an
important role in the inactivation of E. coli in wetland water. The
inactivation rates of E. coli in both clear water and wetland effluent
water under full spectrum simulated sunlight were significantly
higher than under UVB-blocked simulated sunlight (ANOVA,
p < 0.0001), indicating the important role of UVB in endogenous
inactivation.

The inactivation rates of all four lab-cultured enterococci were
faster in wetland than in clear water (Fig. 3a). The difference was
even greater after correcting for light screening (Fig. 3b), indicating
that the lab-cultured enterococci were susceptible to exogenous
inactivation in wetland water. The inactivation rates of two non-
pigmented enterococci (Ent. faecalis and non-pigmented isolate)
were higher than two pigmented enterococci (Ent. casseliflavus and
pigmented isolate) under all conditions, indicating that the pig-
mented enterococci were more resistant to sunlight inactivation
than the non-pigmented enterococci.

The kLendo values (mean ± one standard error) for E. coli, pig-
mented and non-pigmented enterococcal isolates were determined
to be 3.97 ± 0.35 h�1, 1.04 ± 0.07 h�1, and 1.72 ± 0.16 h�1, respec-
tively. The k2 values for pigmented and non-pigmented entero-
coccal isolates were estimated to be 2.3� 1014 M�1 d�1 and
4� 1014M�1 d�1, respectively. Inputs for the estimation of k2 values
include kLobs values of the pigmented and non-pigmented entero-
coccal isolates in wetland water [1.04 ± 0.07 h�1 and



Fig. 1. Concentrations of (a) E. coli and (b) enterococci at different locations in the wetland cell in different months throughout the year. Error bars indicate ± one standard error of
measurements during each month. The numbers in parentheses represent the number of sampling days. Duckweed covered refer to samples collected in September, part of October
and November, when the wetland was completely covered with duckweed. Representative monthly 24-h averaged solar irradiance for each month is shown in Fig. S4.

Fig. 2. Concentrations of pigmented and non-pigmented enterococci determined from
pigmentation test results of samples collected from the inlet, turn 2, and outlet of the
open-water wetland on 4 days in October 2012 when water exposed to sunlight. Error
bars indicate ± one standard error of replicate samples.
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2.35 ± 0.27 h�1], their kLobs values in clear water (¼ kLendo values
listed above), and the average steady-state singlet oxygen con-
centration in wetland water of 9.23� 10�14 ± 9.56� 10�15 M
measured in experiments under full spectrum simulated sunlight
(Table S3).

3.3. Sunlight inactivation of lab-cultured FIB versus indigenous
wastewater FIB

3.3.1. Lab results
To test whether the susceptibility of lab-cultured FIB to sunlight

inactivation was different than indigenous wastewater FIB, an
experiment was conducted to measure inactivation rates of FIB
from the two sources in clear water under full spectrum simulated
sunlight (Fig. 4). Both kLobs and kLphoton;obs values showed that FIB
cultured under lab conditions were more susceptible to endoge-
nous inactivation than the indigenous wastewater FIB (t-test,
p < 0.05).

3.3.2. In-situ batch reactors
The inactivation rates of the FIB in batch reactors (kBtot) under

field conditions were modeled using Equations (1)e(3), and
compared with the measured values (kBobsÞ. The kBtot values of all

three indicators were generally higher than the kBobs values (Fig. 5).

Details of kBobs and kBtot values are provided in Table S5. The ratio of
modeled and measured inactivation rates in in-situ batch reactors 
r ¼ kBtot

.
kBobs

!
of E. coli, and pigmented and non-pigmented

enterococci are 1.77, 12.81, and 3.06, respectively. To adjust for
the differences between lab and field conditions (e.g., diurnal
fluctuations in solar irradiance, pH and DO), we used the r values as
a correction factor.

3.4. Modeling inactivation of the FIB in open-water wetland (kWtot
vs. kWobs)

The best-fit inactivation rate constants, kWobs, were calculated
from the monitoring data using Equation (6) (Figs. S8eS10). In
Fig. 6, these observed values are compared with the modeled
inactivation rates of E. coli, and pigmented and non-pigmented
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enterococci in the wetland (kWtot , determined from Equations (1), (4)
and (5); the values of kWendo and kWexo are listed in Table S6) for each
month. The monitoring data are highly variable and unexpectedly
high in January, which was likely due to experimental errors
(Fig. 6). Nevertheless, the kWtot values are the same order of magni-
tude as the kWobs values, and generally follow the same trends. The
model over-predicted kWobs values of pigmented enterococci for
most months, and for non-pigmented enterococci from May to
August by factors of 1.2e2.6 indicating the model may not capture
some factor(s) that inhibit sunlight inactivation. The model sug-
gests that endogenous mechanisms were the main contributor to
E. coli inactivation (65%�87% of the total inactivation), while
exogenous contributed slightly more than endogenous mecha-
nisms to inactivation of pigmented and non-pigmented
enterococci.
Fig. 3. Inactivation rate constants of lab-cultured E. coli, Ent. faecalis, Ent. casseliflavus,
and field isolated non-pigmented and pigmented enterococci in clear water and
wetland water under full spectrum and UVB-blocked simulated sunlight as (a) a
function of time (kLobs , before correcting for light screening) or (b) a function of photon
fluence (kLobs;photon , after correcting for light screening). Error bars indicate ± one
standard error of duplicate experiments.
4. Discussion

4.1. Contribution of endogenous and exogenous mechanisms to
sunlight inactivation of lab-cultured bacteria under simulated
sunlight

The susceptibility of all four lab-cultured enterococci (Ent. fae-
calis, Ent. casseliflavus, pigmented and non-pigmented enterococcal
isolates), but not E. coli, to exogenous mechanisms is consistent
with previous studies on sunlight inactivation of these bacteria in
waste stabilization pondwater (Davies-Colley et al.,1999; Kadir and
Nelson, 2014). This study adds to the existing literature by
demonstrating that both pigmented and non-pigmented entero-
cocci strains are susceptible to exogenous inactivation, but that the
pigmented strains are more resistant to exogenous inactivation
than non-pigmented strains, which has been previously reported
only for endogenous inactivation (Maraccini et al., 2011). The
resistance of pigmented enterococci to both endogenous and
exogenous sunlight inactivation is likely due to the presence of
carotenoids, which are able to quench reactive intermediates, in the
bacterial membrane of the yellow pigmented bacteria (Dahl et al.,
1989).
Fig. 4. Inactivation rate constants as functions of time (kLobs , before correcting for light
screening) and as functions of photon fluence (kLobs;photon , after correcting for light
screening) of indigenous wastewater FIB in comparison with lab-cultured FIB for (a)
E. coli and (b) pigmented and non-pigmented enterococcal isolates in clear water
under full spectrum simulated sunlight. Error bars indicate ± one standard error of
duplicate experiments.



Fig. 5. Comparison between observed (kBobs) and modeled inactivation rate constants
(kBtot , before adjusting with the correction factor r) of (a) E. coli, (b) pigmented
enterococci, and (c) non-pigmented enterococci in in-situ batch reactors. Error bars on
the experimental data indicate ± one standard error of duplicate experiments. No error
bar was shown for experiment with single sample. Experiments were conducted at
Discovery Bay, CA in August and October 2012, and June 2014.

Fig. 6. Comparison between observed (kWobs) and modeled inactivation rate constants
(kWtot , after adjusting with the correction factor r) of (a) E. coli, (b) pigmented entero-
cocci, and (c) nonpigmented enterococci in the open-water wetland in different
months of the year. kWobs values were not available in September, October and
November for E. coli, and September and November for enterococci. Error bars on kWobs
are root-mean-square errors.
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The greater resistance of E. coli to exogenous mechanisms as
compared to enterococci may be due to differences between the
cellular membranes of Gram-negative bacteria (including E. coli)
and Gram-positive bacteria (including enterococci). Gram-negative
bacteria have an extra outer membrane (Valduga et al., 1993) that
limits the uptake of exogenous photosensitizers into bacterial cells,
reducing the ability of short-lived reactive intermediates (i.e., life-
times of ns-ms) to damage Gram-negative cells (Nitzan and
Pechatnikov, 2011). In addition, the cell walls of Gram-negative
bacteria contain water and other reactive intermediate quenchers
which provide protection from exogenous reactive intermediates
(Dahl et al., 1987).

4.2. Lab-cultured bacteria as indicators for indigenous bacteria and
pathogens in open-water wetlands receiving wastewater

The greater susceptibility of lab-cultured FIB than indigenous
wastewater FIB to sunlight inactivation is likely due in part to the
differences in the growth conditions of the lab-cultured bacteria
versus indigenous wastewater bacteria (Fisher et al., 2012). Spe-
cifically, the lab-cultured bacteria were grown on rich media under
aerobic conditions, which could increase the biosynthesis of
endogenous photosensitizers (Pedersen et al., 1978) and increase
susceptibility of the bacteria to sunlight inactivation (Berney et al.,
2006a). In contrast, the indigenous wastewater bacteria likely grew
in anaerobic and iron-scarce conditions with lower specific growth
rates (Fisher et al., 2012).

The difference between indigenous wastewater bacteria and
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lab-cultured bacteria also highlighted the challenges with using
lab-cultured indicators to study inactivation of indigenous indica-
tor microorganisms and human bacterial pathogens in wastewater.
While research with lab-cultured indicator organisms provides
valuable insight into the inactivation mechanisms, their inactiva-
tion rates in lab conditions cannot be directly used to estimate the
inactivation rates of indigenous indicator organisms in the field.
From this understanding and the field data, we propose using the
correction factor r as an adjustment for the discrepancy between
inactivation rates of lab-cultured and indigenous organisms. It
should be noted that the calculated r values may be affected by the
specific lab and field conditions in this study. Additional studies are
needed to measure r values for other conditions, to determine
whether or not the values vary significantly. Further research is
necessary to determine what differences may exist between the
inactivation rates between lab FIB, field FIB, and actual human
bacterial pathogens. A better understanding of inactivation mech-
anisms of human bacterial pathogens is also needed to provide
insight into what factors influence the sunlight inactivation sus-
ceptibility of different species or serovars. For example, a limited
number of studies on human pathogens has documented a differ-
ence in susceptibility to sunlight inactivation of lab-cultured E. coli
and bacterial pathogens including Salmonella, Shigella, Vibrio chol-
erae, and Campylobacter (Berney et al., 2006a; Sinton et al., 2007).
Even within the same species, there were differences in the sun-
light inactivation rates of different Salmonella serovars (Boehm
et al., 2012).
4.3. Estimation of area necessary for inactivation of the FIB

Typical concentrations of FIB in non-disinfected secondary ef-
fluents range from 102 to 105 MPN/100 mL (Bitton, 2010), such that
a 3-log reduction would lower the concentrations below 100 MPN/
100 mL, which is below the requirement for E. coli concentration of
the National Pollution Discharge Elimination System (NPDES)
permit for discharges from wastewater treatment plants (i.e., no
greater than 126 CFU/100 mL based on five samples taken over a
30-day period, nor any instantaneous reading exceed 406 CFU/
100 mL) (US EPA, 2004). Thus, for the purpose of assessing the land
required for FIB treatment, the area needed to achieve 3-log
removal of bacterial indicators from 1 MGD of wastewater
Fig. 7. Area predicted from model to provide 3-log removal (99.9%) of E. coli, pig-
mented enterococci, and non-pigmented enterococci from 1 MGD of wastewater
effluent in open-water treatment wetlands (A1

3log) during different seasons. Charac-
teristics of the wetlands: [DOC] ¼ 8 mg C L�1; depth ¼ 20 cm; daily averaged solar
intensity under sunny, cloudless condition at 37�540 N. Dashed lines show the area per
MGD of existing full-scale wetland systems. Prado Wetlands (Orange County, Califor-
nia) receives water from Santa Ana River, yielding a footprint of about 3 ha MGD�1

(Orange County Water District, 2008), and Easterly Wetlands (Orlando, Florida), with a
footprint of about 22 ha MGD�1 (Florida Department of Environmental Protection
(2011)).
effluent (A1
3log) was calculated based on an approach developed by

Jasper and Sedlak (2013).
Predicted A1

3log values for E. coli and non-pigmented enterococci
[5.5 ha and 7.0 ha per million gallons of wastewater effluent per day
(MGD), respectively] are within the range of existing wetland sys-
tem areas [i.e., 3 ha MGD�1 for Prado Wetlands (Orange County,
California) and 22 ha MGD�1 Easterly Wetlands (Orlando, Florida)],
indicating that open-water wetland cells of a practical size could
provide efficient treatment for pathogens that share similar char-
acteristics with these indicators throughout the year (Fig. 7). The
high modeled values of A1

3log for pigmented enterococci are due to
their resistance to sunlight inactivation; thus, total enterococci may
be an overly conservative indicator for non-pigmented bacterial
pathogens when removal is dominated by sunlight inactivation.

It should be noted that the actual A1
3log values might be higher

than modeled values due to cloudy weather or the challenge of
minimizing hydraulic short-circuiting in full-scale wetlands.
Nonetheless, our modeled results show that open-water wetlands
can play an important role in the multi-barrier approach to control
the transmission of FIB and possibly waterborne pathogens.

4.4. Comparison with high rate algal ponds

Inactivation rates of E. coli derived from wetland field data are
approximately three times higher than those reported for high rate
algal ponds (HRAPs) with similar solar irradiation, depth, pH,
temperature, and DO (2.9 d�1 in winter and 7.0 d�1 in summer in
this study as compared to 0.5 d�1 in winter and 1.9 d�1 in summer
in HRAPs) (Craggs et al., 2004). The lower inactivation rates of E. coli
in the HRAPswere likely because less UV light was able to penetrate
the HRAP water column, which contains suspended algae, as
compared to the open-water wetland
(aW340nm ¼ 12m�1 < aHRAP340nm ¼ 150m�1, where a is absorption coeffi-
cient, and 340 nmwas chosen as a representativewavelength in the
UV range) (Craggs et al., 2004). Thus, open-water wetlands, which
allow greater penetration of sunlight in the water column, appear
to increase the inactivation rates of the FIB relative to other types of
ponds. The A1

3log values were modeled for depths up to 100 cm, and

the required areas decreased with increasing depth for all three FIB,
but with diminishing returns (Fig. S11). Given thatminimal UV light
penetrates deeper than 20 cm in the wetland water (Fig. S5), the
decrease in required area is due to enhanced removal by dark
processes with the longer hydraulic retention times, and to exog-
enous mechanisms for enterococci. The required areas decreased
more for enterococci because we modeled 1O2 production as a
function of 410 nm light, which is attenuated less than the total UVB
and UVA. However, it is possible that deeper wetlands may
encourage the dominance of suspended algae instead of the biomat
at the bottom, which would change the light attenuation.

4.5. Modeling the inactivation of the FIB in the open-water wetland

The sunlight inactivation rates derived from field data for pig-
mented and non-pigmented enterococci were highly variable, and
they were difficult to predict with the model. A major source of
uncertainty is likely the approach we used to calculate kobs for
pigmented and non-pigmented fractions of bacteria from the
monitoring data. We determined the relative abundance of pig-
mented and non-pigmented strains in the in-situ reactors during
two experiments and at each wetland location on four sampling
dates in October. The relative abundance values were then applied
to determine the concentrations (which were used to calculate kobs)
for the other sampling dates. Thus, our kobs values are inaccurate if
changes occurred in the relative abundances of pigmented and
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non-pigmented strains. Additional research is needed to determine
the magnitude of such changes in indigenous wastewater entero-
cocci communities. The model confirmed the important contribu-
tion of exogenous mechanisms to inactivation of both pigmented
and non-pigmented enterococci in the wetland. 16s rRNA
sequencing of wetland isolates suggested species other than
Enterococcus may be quantified using Enterolert, further compli-
cating interpretation of the field-data derived inactivation rates.
Future research to study factors influencing exogenous mecha-
nisms, such as properties of photosensitizers in wetland water (i.e.,
their association with indicator bacteria and pathogens, spectro-
scopic characteristics, and production of reactive intermediates) is
necessary. A better understanding of exogenous mechanisms can
provide insight into how to optimize the design and operation of
open-water wetlands to enhance sunlight inactivation.

A factor that likely contributed to the high variability in the
inactivation rates of the monitoring data for all three FIB is that
influent and effluent concentrations typically vary over time, due to
changes in wastewater characteristics and treatment performance
of upstream processes, and deposition of animal feces in the
wetland (the culture-based enumeration methods cannot distin-
guish between human and animal sources of FIB). It is common for
FIB concentrations to vary over several orders of magnitude over
short time and spatial scales (Boehm et al., 2002). It is also likely
that discrepancies between the model and the field-derived inac-
tivation rates were caused by the simplified approach used to
characterize thewetland hydraulics, because tracer datamay not be
sensitive enough to show the effects of short-circuiting on bacterial
removal efficiency. Preferential flow paths, such as leaks through
the wetland baffles, can cause water parcels to have different
residence times in the wetland (Lightbody et al., 2008). If just 1% of
the wetland water short-circuited through the wetland, an amount
could not be observed with the Rhodamine tracer test used by
Jasper et al. (2014a,b), the actual bacterial removal would be limited
to 1 log as compared to themodeled removal of 3 logs. These results
emphasize the importance of good hydraulic design and mini-
mizing short-circuiting in natural treatment systems used for
disinfection (Jasper et al., 2013).

5. Conclusions

� Compared to vegetated wetlands and high rate algal ponds,
open-water wetlands appear to provide higher removal rates of
bacterial indicators, predominately through sunlight-mediated
inactivation.

� Based on model results for the pilot-scale wetland, endogenous
mechanisms were the main contributor to the inactivation of
E. coli, and exogenous mechanisms contributed slightly more
than endogenous mechanisms to the inactivation of four
enterococci (Ent. faecalis, Ent. casseliflavus, pigmented, and non-
pigmented enterococcal isolate), but did not contribute to E. coli
removal.

� The existence of pigmented enterococci in non-disinfected
secondary effluent increased the resistance of the total entero-
cocci community to sunlight inactivation, suggesting that the
non-pigmented Ent. faecalis, which is frequently used for labo-
ratory research, is not a good indicator for sunlight inactivation
of total enterococci. More research is needed to determine the
prevalence of pigmentation in waterborne bacterial pathogens,
which may have high resistance to sunlight inactivation.

� A novel experimental approach was used to compare sunlight
inactivation rates determined from lab experiments to those of
indigenous bacteria under field conditions, and a correction
factor was introduced to the mechanistic model for predicting
FIB removal in the open-water wetland.
� The mechanistic model is a useful tool for evaluating design
parameters for open-water wetlands and can also be used for
other sunlit water bodies.
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