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Abstract Stratification and loading of fecal indicator
bacteria (FIB) were assessed in the main tidal channel of
the Ballona Wetlands, an urban salt marsh receiving
muted tidal flows, to (1) determine FIB concentration
versus loading within the water column at differing tidal
flows, (2) identify associations of FIB with other water
quality parameters, and (3) compare wetland FIB con-
centrations to the adjacent estuary. Sampling was con-
ducted four times during spring-tide events; samples
were analyzed for FIB and turbidity (NTU) four times
over a tidal cycle at pre-allocated depths, depending on
the water level. Additional water quality parameters
measured included temperature, salinity, oxygen, and
pH. Loadings were calculated by integrating the strati-
fied FIB concentrations with water column cross-
sectional volumes corresponding to each depth.
Enterococci and Escherichia coli were stratified both
by concentration and loading, although these variables
portrayed different patterns over a tidal cycle. Greatest
concentrations occurred in surface to mid-strata levels,
during flood tides when contaminated water flowed in
from the estuary, and during ebb flows when sediments
were suspended. Loading was greatest during flood
flows and diminished during low tide periods. FIB

concentrations within the estuary often were significant-
ly greater than those within the wetland tide channel,
supporting previous studies that the wetlands act as a
sink for FIB. For public health water quality monitoring,
these results indicate that more accurate estimates of FIB
concentrations would be obtained by sampling a num-
ber of points within a water column rather than relying
only on single surface samples.
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Introduction

Wetland systems provide a variety of beneficial ecosys-
tem services (Millennium Ecosystem Assessment
2005), a key one being water purification through nu-
trient reduction by plants, settling and reduction of
particulate matter, inactivation of pathogenic organisms
through exposure to ultraviolet light, and predation by
microorganisms (Mitsch and Gosselink 2008). Many
constituent and pathogen indicators have been devel-
oped to monitor water quality, chiefly those assessing
risk to human health and tracking impairments to ben-
eficial uses of water bodies. Such impairments may lead
to economic losses due to beach closures or illnesses.
Fecal indicator bacteria (FIB), notably enterococci and
Escherichia coli, often are used as a proxy for human
pathogen indicators and are the basis for the US EPA’s
new recreational water quality criteria (U.S. EPA 2012).
In a study of 15 constructed wetlands, Rifai (2006)
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showed that these systems successfully reduce densities
of FIB by 88.3 %, thereby, acting as a sink for these
bacteria. Hence, wetlands are widely recognized as pro-
viding valuable water cleansing services and have been
used to effectively treat municipal wastewaters (Kadlec
and Knight 1996; Schueler and Holland 2000).

FIB enter waterways and coastal wetlands through a
variety of sources, including point sources (e.g., discharges
ofwastewater effluents) and nonpoint sources (e.g., surface
water runoff and feces fromwildlife). Rapid turnover rates,
numerous bacteria sources, and complex biological factors
contribute to highly variable patterns in the surface con-
centrations of FIB that are often not discernible with a
limited sampling design (Kim et al. 2004). Surface water
concentrations of FIB have been shown to be affected by
urban runoff (Ki et al. 2007; Surbeck et al. 2008), sediment
suspension (Fries et al. 2005; Sanders et al. 2005; Fries
et al. 2008; Brown et al. 2013), biological factors (Ricca
and Cooney 1998; Alderisio and DeLuca 1999; Sanders
et al. 2005), general water quality parameters (e.g., salinity,
turbidity, or temperature; Fries et al. 2005), and other
hydrodynamic processes (Ki et al. 2007).

FIB concentration patterns are further complicated in
some urban estuarine systems which can contain a mix-
ture of contaminated freshwater runoff inputs from de-
veloped watersheds mixing with marine water. Coastal
salt marshes and embayments have been shown to act as
both sinks (Grant et al. 2001; Steets and Holden 2003;
Mill et al. 2006) and sources (Grant et al. 2001; Steets
and Holden 2003; Jeong et al. 2005) of fecal indicator
bacteria depending on tidal flows, freshwater inputs,
sediment association and transport, solar radiation, rain-
fall patterns, and many additional factors (Jeong et al.
2005; Evanson and Ambrose 2006; Dorsey et al. 2013).
Excessive contaminated runoff can overwhelm the ef-
fectiveness of salt marsh processes to reduce FIB loads
thus allowing contamination of adjacent ocean beaches
(Jeong et al. 2008; Sanders et al. 2005). Additionally,
FIB-laden suspended sediment can be exported from the
salt marsh to adjacent ocean beaches during strong ebb
tidal flows (Sanders et al. 2005; Dorsey et al. 2010). It is
therefore important to understand how FIB densities
fluctuate within salt marsh systems whose outflowing
water can impact adjacent recreational beaches, espe-
cially in urban areas where illness from swimming in
contaminated water coupled with beach closures can
result in significant economic losses (Given et al. 2006).

While some FIB concentration patterns, such as an
increase in FIB during storm and wet-weather events

(Fries et al. 2005; Brown et al. 2013), are extensively
reviewed in the literature and exhibit analogous trends,
other patterns are more complicated and less studied.
One such pattern is the fluctuation and stratification of
FIB and other water quality parameters in the water col-
umn of coastal wetlands. Since the source of estuarine
waters varies considerably based on freshwater runoff, tide
cycle, and seasonal effects, in addition to biological factors
such as predation, stratification may cause water quality
conditions to vary considerably within the water column.
For example, stratification of FIB is also likely to occur
based on differential decay rates from exposure to differing
frequencies and penetration of ultraviolet light into the
water column. FIB are most often assessed by sampling
the top of the water surface using grab samples and then
determining their concentrations (most probable number or
colony-forming units per 100 mL). Less is known about
the mass loading of these bacteria based on an assessment
of the entire water column, especially as related to tidal
cycling and water column stratification within a wetland
system. Such assessments are beneficial, as they provide
further insight of bacterial mass in the column strata or
overall water column. This information would greatly
refine estimates of bacterial loading to and from a wetland
with respect to an adjacent water body thus allowing the
assessment of potential large-scale impacts and whether or
not the wetland acts as a source or sink for FIB.

We assume that FIB would be unevenly distributed
throughout the water column in a tidal salt marsh, espe-
cially if that system is impacted by contaminated fresh-
water runoff and that stratification patterns based on FIB
concentrations would differ from those based on loading
at different tidal heights. To test these hypotheses, we
designed a study in an urbanized coastal salt marsh with
the following objectives:

(1) Determine potential FIB stratification within the
water column throughout tidal cycles in terms of
concentration and mass loading,

(2) Identify associations FIB may have with other
water quality parameters, and

(3) Determine the implications of stratification with re-
gard to water quality monitoring recommendations.

The general approach for this study was to sample FIB
and several water quality parameters at different strata
within the water column of the main tidal channel in the
BallonaWetlands Ecological Reserve (BWER or Reserve).
Sampling was conducted during spring-tide conditions to
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measure FIB across the greatest range of water levels.
Reference samples of surface water were collected in the
adjacent estuary to compare with BWER water.

Methods

Study site

The BWER is one of the last major wetlands in Los
Angeles County and is undergoing extensive restoration
planning to reduce the degradation from urbanization
impacts over the last several centuries (PWA 2006;
Johnston et al. 2011, 2012). The BWER and adjacent
Ballona Creek estuary (BCE) lie at the bottom of the
Ballona Creek watershed that drains 340 km2 and is
approximately 80 % urbanized (Bay et al. 1999;
Fig. 1). The Ballona Creek watershed feeds directly into
the cement-lined Ballona Creek, a highly channelized
storm drain system, before flowing into the BCE up-
stream of the BWER and then entering the Santa
Monica Bay (Bay et al. 1999). The channel bottom of
Ballona Creek changes from concrete to sediment in the
estuarine portion of the creek.

Both the BWER and BCE systems receive runoff
contaminated with FIB both during dry weather

(Dorsey 2006; Dorsey et al. 2010; Stein and
Tiefenthaler 2005) and wet weather (Brown et al. 2013;
Stein et al. 2007). Decades of adjacent urbanization and
impacts to the BWER have left a small western salt marsh
habitat portion of the Reserve and several tidal channels
receiving muted tidal flows from the BCE through two
self-regulating tide gates (Johnston et al. 2011, 2012;
PWA 2006; Fig. 1). During flood tides, the tidal gate
system allows a maximum tidal height of 1.1 m. The
received BWER estuarine waters are a combination of
fresh or brackish water runoff from the creek and tidal
oceanic waters from the bay. The muted nature of the
wetland allows for a unique set of surveys in a controlled
system that is closed during high tides, allowing
suspended particles to settle out of the water column.

Field procedures

Cross-sectional survey of the tidal channel

A survey was performed on 8 October 2010 to deter-
mine the cross-section elevations of the tidal channel
where water samples and measurements were collected
(Fig. 2). Using a level transit and a stadia rod, elevation
measurements were taken every 50 cm and at every
break in side slope at the sampling station. Elevation

Fig. 1 Location of sampling sites
in the Ballona Creek estuary
(BCE) and the Ballona Wetlands
Ecological Reserve (BWER).
Images from Google Earth
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data were surveyed in the National Geodetic Vertical
Datum of 1929 (NGVD29; adjusted 1985). Benchmark
leveling (vertical control survey) was conducted using a
Trimble GPS, tilting level, a tripod, and a no. 1 SK rod
with 0.01-ft graduations. The resulting profile data were
used to calculate channel volume and loading measure-
ments at different tidal heights.

Water quality surveys

Sampling was conducted on 17 July and 12 August 2010
and 18 March and 15 April 2011 during spring-tide
conditions (Table 1) within the main wetland channel of
the BWER (Fig. 1). This site was positioned 50 m from
the east tide gate in the deepest portion of the channel. A
second reference site was located in the Ballona Creek
estuary (BCE) 100 m upstream (east) of the tide gate.
Only dry weather conditions were sampled, so measure-
ments were not collected within 72 h of any rain event.

Sampling elevations in the water column at the wet-
land stationwere set at 0.05, 0.25, 0.50, and 0.75m above
the channel bottom (Fig. 2). Holes were drilled in a 3-in-
diameter polyvinyl chloride (PVC) pipe at the selected
elevations, and a half-inch rubber aquarium grade tubing
was fed through and glued in place. The free end of the
tubing was directed up the PVC pipe and across the
channel where the end of each tube was labeled and
secured on the bank to a peristaltic water pump sampler
(American Sigma 900 Max Portable Sampler).

During each tidal cycle, four discrete samples were
collected at approximately flood, slack-water high, ebb,
and slack-water low tidal flows. At each sampling time,
three replicate water samples were pumped from each
elevation within the water column. Prior to sampling,
water was allowed to free flow for 5 s to flush the tubes
of residual and stagnant water before being directed into

three sterile 125-mL polypropylene sampling bottles for
each water depth. All depths were sampled within a 5-
min time period. Three replicate surface water samples
were also taken during each sampling time from both
the wetland and the BCE sites. Surface samples were
collected using a sterile sampling bottle attached to an
extended pole. Immediately following each sampling
time, water quality parameters including temperature
(°C), salinity (ppt), pH, and dissolved oxygen (mg/L)
were taken at each sampling elevation adjacent to the
PVC pipe using an YSI 600QS sonde.

Laboratory methods

FIB concentrations (most probable number/100 mL) for
E. coli and enterococci were determined using
chromagenic substrate tests (APHA et al. 1998;
Standard Methods Section 9223 B). IDEXX media
Colilert®-18 was used for E. coli and Enterolert® media
for enterococci (IDEXX Laboratories, Inc., Westbrook,
ME). Tests were performed on samples diluted to 0.1
(10 mL of sample added to 90 mL of dilution water) and
quantified using IDEXX Quanti-Tray® 2000 97-well
trays. Additionally, one lab blank control to test for the
sterility of dilution, water was analyzed for each batch of
samples collected at each sampling time. Turbidity
(NTU) was determined for each replicate using a
HACH 2100N turbidimeter.

Channel volume measurements and mass loading

At the wetland station, water volume as a function of
depth was calculated for the cross-sectional flow area.
These results were later combined with measured FIB
concentrations to determine mass loads at each tide level
during each sampling event. The volume calculations

Fig. 2 Graphical representation
of the wetland channel
topographic data, locations of the
sampling strata, and diagram of
the sampling array
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involved several steps. The measured coordinates from
the cross-sectional survey at the sampling station were
combined with the trapezoid rule (Greenbaum and
Chartier 2012) of numerical integration to estimate the
cross-section’s volume per unit length of channel at
several simulated depths. The predicted volumes were
then correlated to the depths using regression analysis
with a third-order polynomial equation to estimate vol-
umes at any depth tested.

The concentration data collected at the five sampling
depths (0.05, 0.25, 0.50, 0.75 m and water surface) were
combined with the estimated volumes to determine the
overall mass loading of bacteria (as MPN) at each water
depth monitored. This step required the calculation of the
mass loading contribution from each individual sampling
depth by using the corresponding concentration and
cross-sectional area of each layer (slice or stratum). The
calculated volumes were combined with a numerical
algorithm, which computed the weighed contribution
from each sampling depth to the overall volume. The
algorithm calculated each sampling port’s area of influ-
ence by determining the water depth boundaries that were
within the volume of water within the strata closest to the
port’s depth. As such, the algorithm determined the area
(or volume per unit length of channel) of influence of
each sampling port for any specific tide depth. The strata
were defined based on an a priori null hypothesis that

there was no stratification of FIB groups as the water
column within the wetlands had never formerly been
evaluated for stratification, especially across varying tide
heights. The evaluation was conducted to assess, based
on an even water column distribution, whether there was
stratification, at what levels, and for which FIB groups.
Additionally, the strata layers were defined based on area
of influence of the sampling ports, which were set at pre-
allocated depths.

The procedure above allowed the calculation of the
volume per unit channel length of the water depth slices.
Each slice volume was then multiplied by its corre-
sponding measured concentration to determine the
slice’s mass load contribution. The loadings from the
slices were integrated to calculate an overall mass load
for each sampling event (Eq. 1).

M ¼
X n

i¼1
CiΔV i10

4 ð1Þ

where M is the mass in MPN, Ci is the average
concentration in MPN/100 mL at each sampling port,
ΔVi is the volume of each slice in cubic meters, and n is
the number of slices.

In addition to loading estimates, a weighted average
concentration (MPN/100 mL) was calculated to provide
an overall estimate of how FIB concentrations changed
across the tide cycle during each sampling event. Each

Table 1 Tidal data and sampling
times during the four sampling
events. Tidal information is from
NOAA Station 9410840 (Santa
Monica, CA) (http://www.
tidesandcurrents.noaa.gov)

Sampling data

Date Tidal data during sampling event Time (h) Tidal height (m)

17 July 10 Low, 0.22 m at 0806 h; high, 1.59 m
at 1454 h; low, 0.33 m at 2154 h

1140 0.94

1520 1.59

1830 0.90

2150 0.34

12 August 10 Low, −0.21 m at 0518 h; high, 1.67 m
at 1148 h; low, 0.18 m at 1718 h

0830 0.68

1058 1.58

1400 1.22

1700 0.23

18 March 11 Low, 0.06 m at 0230 h; high, 1.71 m
at 0848 h; low, −0.30 m at 1530 h

0626 1.12

0917 1.67

1232 0.43

1520 −0.27
15 April 11 Low, 0.12 m at 0142 h; high, 1.50 m

at 0754 h; low, −0.03 m at 1406 h
0525 0.95

0808 1.45

1055 0.72

1405 −0.03
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estimate was calculated by adding the FIB mass in all
layers and dividing the resulting total mass by the cor-
responding total volume in the water column. This
procedure resulted in an average concentration for each
sampling event, which was weighed by the FIB concen-
tration and volume in each layer.

Analysis methods

All data were log base 10 transformed prior to
statistical analyses to meet normality requirements.
One-way ANOVAs were calculated for both con-
centration and loading data using SYSTAT 13
software, and two-way ANOVAs and regression
analyses were calculated using GraphPad Prism.
Principal component analysis (PCA) was conduct-
ed using continuous input variables, including
depth, turbidity, temperature, pH, dissolved oxy-
gen , s a l i n i t y, E . co l i , a nd en t e r ococc i .
Significance was based on an alpha value (α)
<0.05.

Results

Water quality parameters

Chemical and physical water quality parameters
displayed varying degrees of stratification within the
water column during some part of a tidal cycle.
Salinity displayed the most stratification (Table 2 and
Fig. 3), followed by temperature during slack-water
high conditions as the surface layer heated (Table 2).
Patterns for these two parameters were evident by great-
er standard errors (SE) and ranges during periods of
stratification (Table 2). As water flowed through the
gate into the wetlands during flood tides, it generally
was well mixed as reflected by narrow ranges and low
SE values. By slack-water flood, stratification was evi-
dent and carried through the ebb flows. During the ebb
flows, stratification began to break down so that by
slack-water low, depths were usually less than 0.5 m
with no or very little stratification of water quality
parameters. Dissolved oxygen displayed little stratifica-
tion, as indicated by the low ranges and SE values
throughout all sampling periods, and did not appear to
be associated with a particular stratum or tidal flow. pH
exhibited the least variability of all parameters, with a
total overall range of 7.86 to 8.70 and no apparent

stratification. Turbidity was variable, often lower during
the flood and slack-water high periods and highest dur-
ing ebb flows, indicating suspended sediment within the
water column.

FIB stratification and loading patterns in the wetland

Concentrations of FIB within the wetlands often differ
up to three orders of magnitude (Table 3) and, based on
one-way ANOVAs (Table 4), were significantly strati-
fied within the water column over a tidal cycle 50 % of
the time for E. coli and 25 % of the time for enterococci.
Higher average concentrations of FIB were found
during ebb flows and slack-water low periods rel-
ative to other times in the tide cycle (Table 3).
This situation was most evident during the July
and August sampling events. Greater concentra-
tions of FIB also tended to occur during flood
tides when water flowed into the wetlands from
the adjacent estuary, best observed during the
August and April surveys for both FIB groups.
During these conditions, greater concentrations of FIB
tended to be observed in the mid- to surface strata. For
the other events, lower FIB concentrations often oc-
curred during the slack-water flood conditions in the
middle strata when the tide gates were closed but varied
based on FIB group and the specific timing.

Similar patterns were evident when looking at
the weighted average concentration of FIB over
the four tidal periods during the sampling events
(Fig. 4). To calculate the average concentration for
each tidal period, the FIB concentration for a
stratum was multiplied by the corresponding vol-
ume of water in that stratum to estimate its FIB
mass (MPN). The masses of all strata were added
to calculate the total mass in the water column,
which was then divided by the volume of the
water column to obtain an average concentration
in MPN/100 mL for the tidal period. FIB concen-
trations tended to be elevated during the morning
flood tide periods and then diminished over the
day from slack-water high through the ebb flows.
The only exception to this pattern was during the
March survey when enterococci were elevated later
in the day during the high tide. FIB spikes during
low tide periods (slack-water low) were most pro-
nounced for the July survey, less so for the August
and not evident during March and April.
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FIB mass loading was significantly stratified
within the water column 94 % of the time for
both E. coli and enterococci (Table 4). Only one
ebb tide period for each FIB group was mixed
enough to not exhibit significant stratification.
Primary loading tended to occur within the middle
strata for both FIB groups, although individual
patterns varied throughout each sampling event
(Fig. 5). For example, during the July event, loads
were greatest for both FIB indicators in the upper
strata of water flooding into the wetlands and at
the surface during slack-water low. Alternatively,
during the March and April surveys, FIB loads
tended to diminish during the low ebb flows for
both FIB groups. The greatest loadings occurred
during periods of flood to slack-water high; there-
fore, greater loading was associated with deeper,
cooler, more saline incoming water. Loading of
both FIB groups diminished during low tides when
we measured warmer, less saline, and more turbid
water.

Differences in loading between the flood and
ebb flows were determined to assess if FIB mass
diminished over the slack-water high period due to
wetland processes. Loads compared between flood
and ebb sampling alone could not be used because
of the changes in channel volumes. Therefore, for
each sampling event, an adjusted mean ebb load
was calculated using the ebb flow load and chan-
nel volume from the previous flood flow. This
calculation provided an estimate of what the load
may have been if the ebb flow had been sampled
at the same tidal height as during the flood flow.
Finally, flood and adjusted ebb flows were com-
pared by calculating the percent difference
(Fig. 6). Both FIB groups resulted in an overall
reduction from flood to ebb tidal conditions with
the exception of the March sampling event where
loading increased.

Multivariate patterns

The two-factor principal component analysis
(PCA) indicated that turbidity and dissolved oxy-
gen were the dominant components driving factor
1 (39.5 %), while water depth and temperature
were the dominant components of factor 2
(19.3 %) (Fig. 7). Turbidity and DO had a strong
relationship to each other, and both were inverselyT
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related to salinity. This relationship reflected flood
tide flows where water was more saline and of
low turbidity in contrast to ebb flows where water
departing the wetlands was more turbid with
suspended sediments and slightly less saline.
Greater concentrations of dissolved oxygen during
the afternoon ebb flows probably reflected the
results of photosynthetic activity occurring
throughout the day.

Loading of the FIB groups exhibited different
patterns according to the multivariate results
(Fig. 7). E. coli were loosely associated with depth
and factor 2, indicative of the stratification patterns
seen in the significance assessments, while entero-
cocci were more associated with salinity and neg-
atively with temperature and pH. The complicated
nature of the variability within the stratification
data does not lend itself to a clear definition of
the factors. Elevated FIB loading was associated
with both flood flows characterized by cooler tem-
peratures and more saline water, while warmer,
fresher water having increased turbidity was asso-
ciated with some low tide spikes in FIB loading.

FIB trends—estuary vs. wetland surface data

Concentrations of FIB between the estuary and the
wetland were compared using surface measure-
ments since stratified sampling was not done in
the estuary. Elevated concentrations of FIB previ-
ously have been correlated with increased turbidity
during strong ebb tide flows in the wetlands
(Dorsey et al. 2010) and a nearby lagoon
(Dorsey et al. 2013), so these parameters were
regressed here to see if a similar situation existed
within the estuary and in the wetlands (Fig. 8).

Surface concentrations in the estuary often differed
up to four orders of magnitude for both E. coli and
enterococci over a tidal cycle (Fig. 8, Table 3). In
contrast, wetland FIB concentrations generally
displayed less variability during tidal cycles, differing
by up to three orders of magnitude. Turbidity and both
FIB groups displayed positive significant regressions
only during the July sampling event and only in the
estuary (Fig. 8). Mean E. coli concentrations were great-
er in the estuary than at the wetland site, based on two-
way ANOVAs (Table 5), and significantly differed

Fig. 3 Salinity–depth profiles measured in the BWER tidal channel during the four tidal stages for each sampling event (F flood, SWF
slack-water flood, E ebb, SWE slack-water ebb)
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throughout the tidal period during all sampling events.
In contrast, enterococci concentrations tended to be
similar between the estuary and the wetland sites with
the exception of the April survey where mean concen-
trations in the estuary exceeded those at the wetland site.
Like E. coli, mean concentrations of enterococci dif-
fered significantly throughout the tidal periods for all
surveys (Table 5).

Discussion

Stratification

The unique muted nature of the tide gate closure
pattern allowed for an evaluation of the hydrologic
processes and their relationship to the fecal indi-
cator bacteria as a proxy for bacteria and other
pathogens. Results of this study and previous work
(Dorsey et al. 2010) indicated that the following
events typically occur over a tidal period. The
most mixing occurs during flood flows as water
enters the wetlands from the estuary through the
tidal gate. When the tidal level reaches a maxi-
mum of 1.1 m water depth, the gate closes, thus
entering a period of high water slack. During this
period, any suspended sediment settles, wet-
land processes reduce levels of FIB, and the water
column becomes stratified. When the tide turns to ebb
flow, the gate opens, and the water column remixes as
water flows from the wetland channels back into the
estuary. During the ebb flows, turbidity spikes and as-
sociated FIB concentrations can occur.

Prior studies have emphasized variations in fe-
cal indicator bacteria concentrations due to tidal
conditions, but this is the first study to the au-
thors’ knowledge that evaluated both stratification
within the water column and FIB loading within
the system. While complex patterns of FIB began
to emerge throughout the evaluation across all
strata and sampling events, overarching results
suggested that both FIB groups were found to be
significantly stratified at least part of the time
within the water column of the BWER. This pat-
tern held true for both concentration and loading
data, albeit in varying degrees; during periods of
mixing and ebb flows, this stratification was re-
duced, especially in terms of concentration data.
For loading, the volume of water seemed to be theT

ab
le
3

(c
on
tin

ue
d)

E
.c
ol
i

E
nt
er
oc
oc
ci

E
.c
ol
i

E
nt
er
oc
oc
ci

0.
5

10
.0

0.
0

85
6.
0

40
3.
8

0.
5

10
.0

0.
0

16
.7

3.
3

0.
75

48
.3

7.
3

48
.7

13
.0

0.
75

10
.0

0.
0

10
.0

0.
0

Su
rf
ac
e

17
1.
3

27
.3

32
0.
0

16
0.
7

S
ur
fa
ce

73
.3

6.
9

59
.0

3.
5

E
st
S
ur
fa
ce

97
.3

7.
0

16
6.
7

25
.8

E
st
Su

rf
ac
e

38
.0

12
.9

59
.3

3.
7

12
32
,e
bb

0.
05

41
.3

6.
1

34
0.
7

24
9.
4

10
55
,e
bb

0.
05

13
.3

3.
3

13
.3

3.
3

0.
25

37
.7

3.
3

10
4.
3

10
.7

0.
25

13
.3

3.
3

20
.3

10
.3

0.
5

52
.0

18
.5

74
.0

0.
0

0.
5

23
.7

9.
1

20
.0

0.
0

Su
rf
ac
e

23
.3

6.
7

78
.3

17
.2

0.
75

34
.7

15
.4

10
.0

0.
0

E
st
S
ur
fa
ce

31
3.
7

70
.3

18
5.
3

38
.3

S
ur
fa
ce

38
.0

7.
0

20
.0

5.
8

15
20
,s
la
ck
-w

at
er

lo
w

0.
05

13
.3

3.
3

86
.0

13
.3

E
st
Su

rf
ac
e

37
.7

3.
3

30
.7

6.
1

Su
rf
ac
e

20
.0

5.
8

59
.0

7.
0

14
05
,s
la
ck
-w

at
er

lo
w

0.
05

10
.0

0.
0

13
.3

3.
3

E
st
S
ur
fa
ce

97
.7

18
.4

25
.5

12
.7

S
ur
fa
ce

13
.3

3.
3

13
.3

3.
3

E
st
Su

rf
ac
e

63
.0

6.
4

13
.3

3.
3

a
T
he

de
pt
h
(m

)
ab
ov
e
th
e
se
di
m
en
tw

he
re

re
pl
ic
at
e
sa
m
pl
es

(n
=
3)

w
er
e
ta
ke
n
(s
ee

Fi
g.
2)

Environ Monit Assess (2015) 187: 58 Page 11 of 19 58



most important factor, thereby having significant
stratification in almost every tidal condition.
Other bodies of water probably experience similar
degrees of FIB stratification in the absence of
mixing. For example, studies in a Lake Geneva bay
demonstrated that FIB concentrations during stratifica-
tion were greater in water depths to 25 m relative to
surface concentrations (Poté et al. 2009). During the
stratified condition, FIB associated with a wastewater
treatment plant effluent were trapped beneath the ther-
mocline while surface FIB presumably were degraded
by ultraviolet light and microorganism predation.
However, during an extensive study of FIB tidal
dynamics in two marinas in Newport Bay, California,
Jeong et al. (2005) found that FIB concentrations were
essentially similar between samples collected at the
surface and at 1 m depth, indicating good mixing. It is
possible that tidal currents in the marinas resulted in
surface mixing, unlike the condition measured in the
BWER where water is very still during slack-water
flood periods, and the water column becomes stratified.
Similarly, in a study by Lewis et al. (2013), northern

California estuaries that were closed to the ocean by
sandbars tended to have FIB concentration gradients
associated both with depth and distance from the estuary
mouth.

Often the loading and concentration patterns tracked
with each other and with increased turbidity. Specific
examples were seen during spikes in low tides (e.g.,
July) that tracked with turbidity. Overall, these results
support the findings of previous studies in the BWER
(Dorsey et al. 2010), nearby Del Rey Lagoon (Dorsey
et al. 2013) and the Talbert Marsh salt marsh to the south
in Huntington Beach (Grant et al. 2001; Boehm et al.
2002; Jeong et al. 2008) with regard to the complex
nature of FIB, while adding new components of strati-
fication assessments and understanding loading patterns
within a wetland water column.

Although both FIB groups exhibited stratification,
often the results were less prominent for the enterococci
group than the E. coli, and occasionally different pat-
terns emerged (e.g., concentrations of enterococci were
less stratified during the July survey). Often, the con-
centrations for enterococci were quite small (i.e., ≤10
MPN/100 mL), leading to less stratification overall due
to a smaller range and less variation. The variability
between the two FIB groups may be explained by
differing rates of deactivation in the water column over
time, i.e., different rates of survival and/or resistance to
ultraviolet light radiation. Conflicting results have been
reported on the deactivation rate of enterococci versus
E. coli, with some studies finding significantly faster
deactivation of enterococci (e.g., Sinton et al. 2002;
Noble et al. 2004) while E. coli had a faster rate in others
(e.g., Bordalo et al. 2002). These studies suggest that
deactivation may be system-specific and based on vary-
ing environmental conditions. In the case of the BWER,
it may be that the variation in deactivation rates caused
E. coli to become more stratified in the water column,
especially given that previous studies suggest depth and
attenuation to be factors in deactivation (Maïga et al.
2009). Since higher overall FIB concentrations were
found closer to the surface of the water column, it is
possible that enterococci were deactivated more quickly,
causing less appearance of stratification for that FIB
group within the water column.

Wetlands as a FIB source or sink?

Ballona Creek, an urban runoff-dominated channel, is a
significant source of FIB to the estuary and hence, the

Fig. 4 Meanweighted concentrations of FIB throughout the water
column during each tidal period in the Ballona Wetlands tidal
channel. a E. coli. b Enterococci
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wetlands (Dorsey and Lindaman 2004; Stein and
Tiefenthaler 2005; Dorsey 2006; Tiefenthaler et al.
2009; Brown et al. 2013). The wetlands generally act
as a sink for FIB, since concentrations of these bacteria
diminished during high tide periods in the wetlands;
estimated loads during ebb flows were very small com-
pared to the flood tides. Overall concentrations in the
estuary were typically greater than those in the wetlands,
sometimes by several orders of magnitude, suggesting
that even the spikes in FIB concentrations ebbing from
the wetlands were diluting the estuary to the extent that a
small volume of outflowing wetland water could dilute
the much larger, contaminated volume of the Ballona
Creek estuary. This consequence shows a significant
ecosystem service, water purification, for the BWER,
even in its degraded state.

Many wetland functions have been well documented
at reducing concentrations of FIB in the water column,
including ultraviolet light radiation (Ki et al. 2007; Mill
et al. 2006), uptake by biological organisms (Surbeck
et al. 2010), tidal dilution (Mill et al. 2006), and nutrient

reductions (Surbeck et al. 2010). This study sup-
ports those conclusions and those of Dorsey et al.
(2010) at the BWER, reaffirming a similar conclu-
sion that the wetlands are acting as a sink for FIB.
Loading comparisons of the flood and ebb tides
using the adjusted mean ebb loading suggested
that the wetlands were functioning overall as a
sink. While the FIB spikes do occur with the ebb
flow suspended sediments, as seen more signifi-
cantly in the March survey, these are not contrib-
uting significantly to the loading of the estuary.
Many of these FIB reduction functions are likely
occurring within the tidal channels and most likely
in adjacent acres of tidally inundated marsh plain.
Similar processes probably are occurring in the
adjacent estuary, to some extent.

Multivariate analyses

Multivariate analyses can often play key roles in differ-
entiating broader patterns in biological data, which is

Table 4 Results of one-way ANOVAs for FIB concentrations and loading evaluated against strata for all sampling times and events

E. coli Enterococci

Concentration Loading Concentration Loading

Date Time (h), tidal flowa F-ratio p F-ratio p F-ratio p F-ratio p

July 17, 2010 1140, F 3.7 0.0415* 54.9 <0.001* 1.0 0.4330 ns 12.2 <0.001*

1520, SWH 8.1 0.0036* 18.1 <0.001* 0.4 0.7823 ns 10.0 <0.01*

1830, E 6.1 0.0095* 11.4 <0.01* 2.0 0.1705 ns 63.0 <0.001*

2150, SWL 114.0 <0.0001* 219.8 <0.001* 61.7 <0.0001* 203.7 <0.001*

August 12, 2010 0830, F 0.5 0.6954 ns 19.7 <0.001* 1.1 0.4152 ns 13.3 <0.001*

1058, SWH 3.5 0.0482* 10.8 <0.001* 0.1 0.0504 ns 140.6 <0.001*

1400, E 1.4 0.3039 ns 26.9 <0.001* 0.8 0.5663 ns 37.8 <0.001*

1700, SWL 3.1 0.1164 ns 12.7 <0.01* 0.8 0.4847 ns 1.5 0.293

March 18, 2011 0626, F 5.9 0.0129* 31.6 <0.001* 3.8 0.0450* 38.5 <0.001*

0917, SWH 10.0 0.0016* 92.9 <0.001* 12.4 0.0007* 7.6 <0.01*

1232, E 1.4 0.3133 ns 25.9 <0.001* 1.2 0.3585 ns 5.3 <0.05*

1520, SWL 1.2 0.3033 ns 3.3 0.149 1.9 0.1342 ns 54.4 <0.05*

April 15, 2011 0525, F 2.1 0.1662 ns 13.5 <0.001* 0.6 0.6865 ns 175.5 <0.001*

0808, SWH 52.7 <0.0001* 182.8 <0.001* 21.4 0.0001* 161.2 <0.001*

1055, E 1.9 0.1900 ns 42.0 <0.001* 1.1 0.4276 ns 41.1 <0.001*

1405, SWL 1.0 0.3808 ns 32.22 <0.01* 0.0 1.000 ns 22.3 <0.01*

ns p>0.05

*p<0.05
aF flood, SWH slack-water high, E ebb, SWL slack-water low
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especially important in assessing complicated and high-
ly variable patterns, such as the relationship between
FIB and various chemical and physical water quality
parameters. For this study, the two factors represented
nearly 60 % of the variation among the chemical–phys-
ical–biological parameters measured. In the case of the
FIB groups, while some of the water quality character-
istics were associated, neither FIB group truly

associated with any individual parameter. This result
was surprising, especially for turbidity, where elevated
levels from suspended sediments have been previously
correlated with elevated FIB concentrations (e.g., Mill
et al. 2006; Dorsey et al. 2010; Dorsey et al. 2013).
Many of the physical factors did not seem to
individually play a significant role in the stratifi-
cation of the water column; however, overarching

Fig. 5 Mass loading estimates (MPN×104 per strata) for E. coli and enterococci over the tidal cycle for each sampling event in the Ballona
Wetlands tidal channel
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Fig. 6 A comparison of mean FIB loads (MPN/m3) between the
flood and ebb tidal heights at the time of sampling and the adjusted
mean load at the same height during the ebb flow (denoted by the
red arrows). Mean loads for flood and ebb flows were determined

by averaging loads among the strata. Each adjusted ebb load was
calculated proportionally by using the ebb flow load and volume
ofwater in the tide channel during the earlier flood flow to estimate
loads at the same tidal heights (red dashed line) as the tide fell

Fig. 7 Principal component
analysis results for water quality
and FIB parameters. Log10
transformed loading estimates
were used for E. coli and
enterococci in the analysis
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patterns such as turbidity and dissolved oxygen
both conversely related to salinity did occur. Also
surprisingly, the fresher water inputs from Ballona
Creek were not always correlated with higher den-
sities of FIB groups, although there were individ-
ual instances of that occurring, specifically associ-
ated with freshwater lenses within the upper strata
during slack-water high periods. The association of
E. coli with depth was indicative of the patterns of
stratification seen in the ANOVA results. The more
complex nature of the enterococci patterned with
multiple factors such as a converse relationship to
temperature and loosely conversely related to

turbidity and oxygen may mean that individual water
quality parameters alone were not enough to determine
causes of FIB loading for enterococci.

Additional factors not measured in this study, such as
light attenuation or exposure time to ultraviolet radia-
tion, may have contributed more significantly to the FIB
patterns, as demonstrated by Noble et al. (2004).
Previous studies suggest that temperature is a proxy
for solar radiation (e.g., Mill et al. 2006), and while
loose correlations with temperature existed within our
data, no clear pattern was evident. Because patterns
differed for each of the two FIB groups, these biological
constituents are even more highly variable than

Fig. 8 Regressions of mean FIB
concentrations with turbidity in
surface samples collected from
the estuary and wetlands sites. a
E. coli. b enterococci
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previously thought. Additional research on biological
factors such as predation by bacteriophages or other
organisms may provide supplemental insight into these
complex relationships. As previously discussed, differ-
ing deactivation rates may also have played a significant
role in the differences in FIB group patterns.

Sampling protocol implications

Surface water concentrations are the basis of water
quality standards internationally. Acknowledging
the significant differences in FIB found throughout
the water column during times of less mixing has
implications for the assessments of water quality
and compliance monitoring. The results suggest
that timing of water quality sampling, especially
in tidal waters, may be even more important than
previously assumed. Integrating vertical sampling
over the entire water column at one or several
points would allow for a higher confidence in the
precision of FIB estimates at the site, as surface
concentration data alone may not be an accurate
reflection of FIB density within the water column.
Achieving more precise measurements of FIB con-
centrations, especially in recreational waters, will
better serve the public since elevated FIB levels
can be accompanied by pathogens (Wu et al. 2011;

Dorsey et al. 2013) although viral pathogens tend
to correlate poorly with these bacterial indicators
(Jiang et al. 2001; Griffin et al. 2003).

In a similar manner, the FIB loading data offered a
more thorough understanding of the tidal dynamics of
the system. This is best illustrated by the concentration
data showing a high MPN/100 mL spike at low
tide, which would infer a spike to the estuary but
in fact represents significantly less loading to the
system given the smaller volumes of water in the
channel at low tide.

Future work should be conducted to analyze stratifi-
cation and loading in the adjacent estuary to have a
similar data set for comparison and to determine the
percent contribution from the wetlands. These addition-
al analyses would more completely simulate a full-tidal
estuarine system and potential contamination of adja-
cent recreational ocean beaches.
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