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Nearshore concentrations of fecal indicator bacteria (FIB) are controlled by a 

complex array of physical and biological processes.  The studies herein evaluate the 

contribution of several such process to coastal FIB dynamics using laboratory studies, 

mathematical modeling, and fieldwork.  Two field sites are discussed; Border Fields 

State Beach (BFSB) and Huntington Beach, both sites of chronic FIB contamination in 

Southern California.  At Huntington Beach field measurements of alongshore currents 

and horizontal diffusion were used to parameterize a suite of individual based particle 

tracking models.  These models were used diagnostically to evaluate the contribution 

of physics and mortality to FIB dynamics.  Advection and diffusion were found to 
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explain a significant fraction of surfzone FIB decay, but played a lesser role offshore, 

suggesting that offshore FIB loss may be dominated by mortality rather than physics. 

No single mechanism was identified that best-explained FIB mortality at this beach, 

although cross-shore variable mortality mechanisms had higher skill than spatially 

constant ones.  At BFSB the relative contribution of physics and mortality to nearshore 

FIB dynamics varied temporally rather than in the cross-shore.  Generalized linear 

model analyses at this beach linked FIB contamination to an anthropogenic beach 

nourishment.  Field-based microcosm experiments (using FIB from this source), in 

combination with surfzone bacterial monitoring, showed that FIB concentrations were 

controlled by rapid mortality of  a “sensitive” FIB fraction and physical dilution-

mixing, which became steadily more important as sensitive FIB died off, leaving 

behind a resistant community.  Co-existing populations of sensitive and resistant FIB 

were also observed in laboratory experiments evaluating the effects of phytoplankton 

concentration on FIB mortality.  Mortality in these experiments was biphasic, with 

loss of sensitive FIB occurring > 10x faster than resistant FIB.  Notably, bloom 

concentrations of phytoplankton halved mortality rates of both FIB groups, enhancing 

survivorship.  This signal was not obscured by physical transport/mixing (Huntington 

Beach particle tracking model), suggesting that phytoplankton have the potential to be 

an important factor controlling FIB concentrations.  This dissertation highlights the 

importance of both physics and biology as factors controlling nearshore FIB and 

points to phytoplankton communities as an under-evaluated control on FIB 

growth/mortality in marine systems. 
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CHAPTER 1.

INTRODUCTION

Pathogenic bacteria are a persistent social, health, and economic problem along 

beachfront regions of the US, costing California ~$1.9 billion yearly (Dufour and 

Wymer, 2006).  The effects of bacterial pollution are concentrated in areas with 

moderate climate, like southern California, where recreational beach use is high year 

round (Ralston et al., 2011).  At two Southern California beaches (Huntington Beach 

and Newport Beach), 36,778 cases of gastrointestinal illness per year were attributed 

to beach bacterial pollution, costing the state upwards of $3.3 million (Turbow et al., 

2003).  Scaled up, this means that cases of gastrointestinal illness at 28 major Southern 

California beaches may exceed 627,800 – 1,479,200 yearly, costing California $21 – 

$51 million (Given et al., 2006).  

Since the mid 1800s, pathogens and health risk in coastal waters have been 

monitored using fecal indicator bacteria (FIB) (Sinton et al., 1993a).  FIB typically 

exhibit high concentrations in feces, and are easier to culture than pathogens, making 

them a useful proxy for tracking pathogens in coastal systems (Sinton et al., 1993a; 

Meays et al., 2004).  The first widely used FIB group was total coliform bacteria, 

which are gram negative, and contain both fecal and environmental members.  Today, 

Escherichia coli (a fecal coliform) is the most widely used indicator of fecal 

contamination in freshwater systems (Tallon et al., 2005).  In marine waters, the 

monitoring of coliforms has largely been superseded by Enterococcus  in the United
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States, although co-monitoring with E. coli remains common (EPA, 2000; Kay et al., 

2004).  

Enterococcus is a genus of gram-positive bacteria that was first recognized as a 

fecal indicator by Lawes and Andrewes (1894).  The use of Enterococcus as a 

monitoring tool, however, was not widespread until the 1940’s, following biochemical 

and serological classification by Orla-Jensen (1919), Sherman (1937) and Lancefield 

(1933).  Currently the genus Enterococcus is thought to contain ~30 species that fall 

into five main phylogenetic groups: the E. faecalis species group, the E. faecium 

species group, the E. cecorum species group, the E. cassiflavus species group, and the 

E. avium species group (Naser et al., 2005).  These groups are delineated by genetic 

and biochemical differences, with the E. avium group separating out from the others 

based on the presence of group Q antigens, and the E. faecium group differentiated by 

the ability to ferment arabinose (Sinton et al., 1993a; Palmer et al., 2012).  The two 

most common species isolated from human feces are E. faecalis and E. faecium 

(Sinton et al., 1993b).  These species (in addition to their use as fecal indicators) are 

notable human pathogens causing urinary tract infections, nosicomial wound 

infections, and endocarditis (Hardie & Whiley, 1997; Morrison et al., 1997).

Current US Environmental Protection Agency (EPA) water quality standards 

arose from work in the late 1970's and early 1980's by Cabelli et al. (Cabelli et al., 

1975;  Cabelli et al., 1982; Cabelli et al., 1983; US EPA, 1986).  This research 

identified clear dose-based relationships between highly credible gastrointestinal 

illness (HCGI; flu-like symptoms including fever, vomiting, and diarrhea) and the 

fecal indicators enterococci and E. coli (Cabelli et al., 1982; Cabelli et al., 1983). 
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Current marine standards, based on these relationships, identify a bacterial 

contamination level that, if exceeded, will result in >19 cases of HCGI per 1000 

beach-goers (US EPA, 1986).  These standards are 104 enterococci 100 ml-1 seawater 

(single sample standard) or 35 enterococci 100 ml-1 seawater (30 day geometric mean 

standard)) (US EPA, 1986).

Since their development, these water quality standards have been criticized for 

a variety of reasons.  Reanalysis of the Cabelli data by Fleisher (1991 and 1992) 

revealed spatial variability in FIB dose/health risk relationships at different beaches, 

casting doubt on the utility of a single dose based standard for evaluating health risk. 

The observed variability was closely tied to environmental variables (like salinity), 

suggesting a link between local environmental conditions, FIB survivorship, and 

health risk (Fleisher et al., 1991).  Subsequent studies have only highlighted the 

variable nature of the FIB/health risk relationship, with some supporting EPA 

standards (Wade et al., 2003; Haile et al., 1999), others suggesting that the criteria are 

too conservative (i.e., health risk is higher for a given FIB dose than we acknowledge) 

(Kay et al., 1994; Pruss et al., 1998), and a few showing no correlation at all between 

traditional indicators and health risk (Corbett et al., 1993; Colford et al., 2007).  

These contrasting results have prompted evaluation of new indicator 

organisms, non-biological indicators (e.g. caffeine) , genetically-based techniques for 

monitoring pathogens themselves, and a whole field of research geared towards 

understanding the factors controlling FIB survivorship/transport in the environment, 

with the goal of better understanding where and why FIB and pathogen concentrations 

become uncoupled in coastal systems (Scott et al., 2002; Jiang and Chu, 2004; 
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Seurinck et al., 2005; Layton et al., 2006; Peeler et al., 2006).  This field embraces a 

dynamics-based understanding of FIB that can help us assess the utility of these 

bacteria as indicators of health risk under differing environmental conditions. 

Research effort has focused on identifying factors controlling FIB growth or mortality, 

the fluid mechanics of transport and dispersal, and the development of models 

(dynamic or statistical) that translate this information into bacterial contamination 

predictions that are useful from a beach management standpoint.   

Mortality of Fecal Indicator Bacteria

In seawater, FIB mortality typically exceeds growth, resulting in net bacterial 

loss from the system (Hartz et al., 2008).  These losses are often diurnal, and have 

been ascribed to the damaging effects of solar radiation (Boehm et al., 2002a; Sinton 

et al., 2002; Ki et al., 2007; Boehm et al., 2009).  Sunlight has been shown to damage 

FIB both directly via cellular damage (UV wavelengths) and indirectly through the 

exogenous or endogenous formation of reactive oxygen species (ROS) (visible 

wavelengths) (Curtis et al., 1992; Davies-Colley et al., 1999; Sinton et al., 1999; 

Muela et al., 2002).  In the field, solar mortality has largely been attributed to UV, 

although surfzone ROS levels can be sufficient to result in oxidative stress or FIB 

lysis, suggesting that indirect photoinactivation may contribute to marine FIB 

mortality (Clark et al., 2008; Clark et al., 2010; Boehm et al., 2009).  

In addition to solar radiation, FIB are sensitive to a suite of other abiotic 

stressors including pH, temperature and salinity (Solic and Krstulovic, 1992; 

Trousselier et al., 1998; Rozen and Belkin, 2001).  Salinity and pH effects are most 
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notable for E. coli, as enterococci are halotolerent and can survive from pH 4 -10 

(Rozen and Belkin, 2001; Fisher and Phillips, 2009).  The halotolerance of 

enterococci, also observed for viral pathogens, is one reason that enterococci are 

preferred to E. coli as fecal indicators in marine systems (Gantzer et al., 1998; 

Kirschner et al., 2004). The relative survival of E. coli and enterococci in seawater, 

however, can be variable.  This variability may be linked to FIB source, or, in the case 

of enterococci, species composition (Sinton et al., 2002; Anderson et al., 2005; 

Maraccini et al., 2012).

Although less studied than abiotic stressors, allochthonous marine and 

freshwater communities have been observed to affect FIB (Jenkins et al., 2011).  In 

urban streams, enterococci and E. coli can undergo Lotka-Volterra like predator-prey 

cycling, with estimated clearance rates consistent with those of rotifers (Surbeck et al., 

2010).  In natural seawater, microcosm and dilution experiments suggest that grazing 

by heterotrophic nanoflagellates, ciliates, and even larger autotrophic flagellates, may 

significantly impact FIB abundances in the water column (Hartke et al., 2002; 

Gonzalez et al., 1992; Boehm et al., 2005).  Notably, marine flagellates and ciliates 

appear to preferentially graze larger bacteria, with ciliates also exhibiting larger 

clearance rates when offered gram-positive strains (Anderson et al., 1986; Gonzalez et 

al., 1990a).  As most marine bacterioplankton are smaller than indicator bacteria (0.02-

0.12 μm3 vs. > 0.66 μm3) and gram negative, this selectivity may lead to high grazing 

pressure on FIB (especially gram positive enterococci) in marine systems (Lee and 

Fuhrman, 1987; Gonzalez et al., 1990a; Gontang et al., 2007).  Some evidence 

suggests, however, that E. coli mortality due to protistan grazing may exceed mortality 
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of Enterococcus because Enterococcus has a thick gram positive cell wall that can 

reduce or inhibit its digestion by protists  (Gonzalez et al., 1990b).   

In addition to being grazed by protists, FIB in marine systems may also be 

affected by other biotic constituents.  Indicator bacteria have been observed attached 

to copepods and associated with Cladophora mats, suggesting that zooplankton and 

algae may play a role in aggregation and/or survivorship of fecal indicators (Whitman 

et al., 2003; Byappanahalli et al., 2003; Signoretto et al., 2004).  Research in this area, 

however, has been extremely limited, and evaluation of the effects of other marine 

constituents, like phytoplankton, is by and large absent.  

Growth of Fecal Indicator Bacteria

Although FIB mortality is often thought to dominate growth in marine and 

freshwater systems, this is not strictly true.  Growth of E. coli and enterococci has 

been observed in waters with elevated concentrations of phosphorous and/or dissolved 

organic carbon (Surbeck et al., 2010).  E. coli growth in freshwater has been measured 

coincident with enhanced turbulence, which is thought to increase nutrient encounter 

rates (Al-Homoud and Hondzo, 2008).  FIB growth has also been observed in sterile 

beach sands transplanted onto contaminated beaches, and in natural beach sands 

subject to tidal rewetting (Whitman & Nevers, 2003; Yamahara et al., 2009).  Notably, 

the growth of FIB in beach sands may be intermittent, as mortality has been observed 

to occur in dry beach sands and in some moist natural beach sands due to competition 

with native bacterial assemblages and/or protistan grazing (Hartz et al., 2008; 

Yamahara et al., 2009; Feng et al., 2010; Halliday et al., 2011).  



7

Overall, the prevalence of environmental FIB growth has raised concern 

regarding the utility of FIB, as the pathogens they are intended to proxy (particularly 

viruses) may not replicate under similar environmental conditions  (Griffin et al., 

2003; Arnone and Walling, 2007).  To date, however, our understanding of FIB 

survivorship greatly exceeds our understanding of pathogen survivorship in coastal 

systems (Yamahara et al., 2009).  Recent work by Yamahara et al. (2012) showed that 

mortality of enterococci in dry sand microcosms was statistically identical to mortality 

of the pathogens Salmonella and Camplobacter.  Enterococcus survival, however, was 

enhanced in wet sediments, which was not observed for either pathogen.  Further work 

of this sort will help us understand when FIB are useful as proxies for pathogens in 

marine systems, and what pathogens they approximate best.  

Fluid Dynamics and FIB Transport in Coastal Systems

Although FIB survivorship is an important component contributing to our 

understanding of bacterial pollution and health risk in coastal systems, source 

dynamics and transport mechanisms are equally important.  Physical transport and 

dilution may be identical for pathogens and FIB, making systems where bacterial loss 

is physically driven ideal candidates for monitoring pathogens with FIB proxies (Grant 

and Sanders, 2010; Zhu et al., 2011).  

To date, the work done exploring FIB transport and source dynamics in marine 

or freshwater systems has involved a mixture of field sampling (e.g. direct 

measurements of currents, salinity, temperature, pressure gradients, isotopes, nutrients, 

and FIB) (Grant et al., 2001; Boehm et al., 2002b; Boehm et al., 2004; Kim et al., 
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2004; Phillips et al., 2011), manipulative field experiments using fluorescent dye and 

drifter releases (Grant et al., 2001; Grant et al., 2005), and mathematical modeling, 

with models ranging in complexity from simple mass balance models to complex 3D 

hydrodynamic simulations (Connolly et al., 1999; Boehm et al, 2003; Kim et al., 2004; 

Grant et al., 2005; Liu et al., 2006; Sanders et al., 2005; Thupaki et al., 2010; de 

Brauwere et al., 2011; Zhu et al., 2011).  The information presented here regarding 

physical transports in the nearshore is not intended to be a complete review of 

nearshore processes, and focuses only on studies that directly evaluate the importance 

of physical transports or source dynamics for FIB.   

Several studies have emphasized the importance of cross-shore flows in 

controlling nearshore concentrations of FIB.  Cross-shore transport by tidal or lower 

frequency currents has been implicated in shoreline contamination from an outfall 

plume in Oahu, Hawaii (Connolly et al., 1999).  Similarly, internal tides have been 

implicated in cross-shore transport of FIB in Southern California.  It is, however, 

uncertain whether these plume waters are a true source of FIB or a source of cool, 

nutrient rich water that enhances the survivorship of terrestrial derived FIB in the 

surfzone (Boehm et al., 2002b; Wong et al., 2012).  

Smaller scale cross-shore flows may also play a role in coastal FIB transport. 

In 2003, Boehm et al. evaluated the importance of FIB dilution by rip currents using a 

tanks-in-series box model with breaking wave-induced alongshore current flow.  It 

was found that rip cell dilution was significant, and controlled by wave climate. 

Specifically, perpendicular wave attack was found to reduce surfzone alongshore 

transport, maximizing cross-shore flushing of rip cells and surfzone FIB dilution 
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(Boehm et al., 2003).  Rip cell activity has also been directly observed during dye 

release experiments, and linked to FIB dilution in mass transport models assuming 

FIB release from an estuarine point source (Grant et al., 2001; 2005).  In some 

locations, it has been estimated that total cross-shore FIB transport can equal total 

alongshore transport, resulting in appreciable cross-shore dilution of FIB (Thupaki et 

al., 2010).  Other studies, however, have observed retentive surfzone conditions, with 

alongshore FIB transport exceeding cross-shore transport by 50-300 times, resulting in 

high-concentration plumes hugging the shoreline (Grant et al., 2001, 2005; Kim et al., 

2004). 

Alongshore currents (like cross-shore currents) can be important controls on 

shoreline FIB contamination.  These currents influence both the maximum spatial 

extent of a contaminant plume along a beach and the direction it travels from any 

given source.  In quiet embayments where alongshore transport is minimal, high 

concentrations of FIB can be retained at the shoreline where people swim (Zhu et al., 

2011).  This is particularly true when fecal contamination is from a terrestrial source, 

such as leaky sewage infrastructure or dog fecal matter (Boehm et al., 2009; Zhu et al., 

2011).  In systems with slightly more rapid flows, like the Laurentian Great Lakes, 

alongshore currents can be important for transporting fecal contaminants from point 

sources to nearby beaches (Liu et al., 2006; Thupaki et al., 2010).  Rapid alongshore 

current reversals are typical of these lakes and make it possible for FIB to impact 

beaches both left and right of a point source on any given day (Liu et al., 2006; 

Thupaki et al., 2010).  These current reversals may also enhance coastal FIB dilution 

(Thupaki et al., 2010). 
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Although not all alongshore current reversals are tidal, tidal variability has 

been observed in alongshore currents seaward of the surfzone, and may be important 

for nearshore FIB transport (Kim et al., 2004; Grant et al., 2005).  In 2004, Kim et al. 

found that > 2/3 of alongshore current reversals just outside of the surfzone at 

Huntington Beach, California, were tidally correlated.  During flood tide, enhanced 

total coliform levels were measured coincident with upcoast flow of tidal currents. 

These currents augmented alongshore surfzone flows, increasing the transport of 

pollutants from the Santa Ana River to Huntington Beach proper (Kim et al., 2004).  A 

tidal influence on alongshore current direction at Huntington Beach was also observed 

by Grant et al. (2005) using nearshore dye releases. 

In addition to being an important control on FIB alongshore transport, tides are 

also central to FIB source dynamics.  In low-flow rivers and estuaries, flood tides can 

result in seawater intrusion into river/estuary systems, forming a prism that blocks 

freshwater outflow (Grant et al., 2001, Jeong et al., 2005; Pednekar et al., 2005).  Flow 

resumes on the ebb tide, resulting in cyclical discharge events to the surfzone.   The 

effects of tidal flushing on pollutant transport within a river/estuary system or its 

receiving waters can be complex, with seawater inflow having the potential to 

transport pollutants into the estuary or dilute them depending on the location of point 

or non-point sources within the estuary itself (Sanders et al., 2005; de Brauwere et al., 

2011).  The effects of tidal flushing can be particularly dramatic for highly 

contaminated low-flow rivers, where FIB inputs to the surfzone can vary from 0 MPN 

100 ml-1 (flood tide) to > 240,000 MPN 100 ml-1 (ebb tide) over a single tidal cycle 

(personal observation).
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Tidal scouring and tidal pumping are two additional mechanisms by which 

tides can regulate nearshore FIB concentrations.  In tidal pumping, changes in tide 

height generate pressure gradients in the beach water table that drive fluctuating pore-

water flow fields (Billerbeck, 2005).  The extent to which FIB are mobilized and 

released into the surfzone by tidal pumping is uncertain.  De Sieyes et al. (2008) 

showed that groundwater discharge at Stinson Beach, California, was enhanced during 

neap tide.  Although FIB were observed in groundwater samples, discharge itself was 

not associated with elevated surfzone FIB levels, suggesting that FIB may have been 

strained/adsorbed onto beach sands.  This result is consistent with observations at 

other beaches (Boehm et al., 2004; Phillips et al., 2011). 

In contrast to tidal pumping, which describes through-beach transport, tidal 

scouring is a process by which FIB are washed off a beach at high tide (a kind of over-

beach transport).  Zhu et al. (2011) found that tidal scouring of dog feces at a Florida 

beach contributed extensively to fecal contamination.  At Huntington Beach, however, 

hydrodynamic modeling of fecal inputs from marsh birds showed that tidal scouring of 

fecal matter was insufficient to explain contamination in nearby Talbert Marsh 

(Sanders et al., 2005).  This same model pointed to tidally forced sediment 

resuspension as the primary source of FIB in marsh waters (Sanders et al., 2005).  This 

connection between sediment resuspension and FIB contamination has also been 

observed in other studies.  Because the processes governing FIB attachment to 

particles are complex and not well understood, quantifying the importance of sediment 

resuspension and/or settling as FIB sources/sinks has been difficult (Sanders et al., 

2005; Thupaki et al., 2010; Cho et al., 2010; Suter et al., 2011).  
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Tying it all together: Physical – Biological assessment

Although research regarding pertinent physical transports and source dynamics 

of surfzone FIB has been extensive, comparatively little work has been done 

evaluating the role of these processes in light of the complex FIB survivorship 

dynamics discussed earlier.  These sorts of analyses are vital for identifying beaches 

where FIB dynamics are likely to be an accurate proxy for pathogen dynamics, and are 

necessary to help us develop useful predictive models.  These models can provide a 

cost-effective supplement to bolster our underfunded water quality monitoring 

programs (Thupaki et al., 2010; Boehm et al., 2007).  

To date, the most closely examined FIB mortality mechanism, in light of 

pertinent fluid flows and source dynamics, is solar-induced mortality (Boehm, 2003; 

Boehm et al., 2005; Grant et al., 2005; Boehm et al., 2009; Ziu et al., 2011).  Boehm 

(2003) evaluated the relative contribution of dilution (via rip cell mixing) and 

mortality (attributed to solar insolation) to total coliform decay at Huntington Beach. 

Her findings suggest that dilution may dominate FIB loss at dynamic beaches.  This 

finding was further explored in a subsequent study that expanded mortality to include 

grazing and solar insolation (Boehm et al., 2005). This work showed that dilution was 

the dominant source of loss, followed by solar insolation and grazing.  The absolute 

contribution of these processes at any given time, however, was variable.  Specifically, 

the importance of dilution was minimized by oblique wave angles, which increased 

surfzone retention, making the contribution of solar inactivation and grazing to total 

FIB loss more important (Boehm et al. 2005).  Both of these studies used simple mass-
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balance models, with alongshore currents forced by wave direction, to approximate 

alongshore current flow.  As complex hydrodynamic simulations have become less 

computationally restricted, they have been used more frequently for these sorts of 

assessments, increasing the realism of our nearshore physical transports (Connolly et 

al., 1999; Sanders et al., 2005; Liu et al., 2006; Thupaki et al., 2010; Zhu et al., 2011; 

de Brauwere et al., 2011).  

While we have been able to use hydrodynamic simulations to model FIB in 

fresh and marine waters, these models have been less effective than one might hope 

for evaluating the relative roles of physics and biology as factors controlling FIB. 

Many models contain parameterizations for FIB survivorship, but fail to evaluate 

them, making it difficult to assess the importance of mortality for model results 

(Connolly et al., 1999; Sanders et al., 2005).  Other models are used effectively to 

compare physical transports and bulk ecological processes, but do not assess, or 

incompletely assess, the importance of individual ecological terms (Liu et al., 2006; 

Thupaki et al., 2010; de Brauwere et al., 2011).  

For example, Liu et al. (2006) used a 2D (vertically integrated) hydrodynamics 

model of the Great Lakes that identified source loading from creeks and solar 

mortality as dominant processes controlling FIB dynamics.  Solar mortality, however, 

was never evaluated on its own.  Rather, a bulk mortality term (containing solar, 

temperature, and settlement based loss) was compared to a first-order exponential 

mortality term, and found to improve model-data fits.  Because parameterization of the 

bulk mortality formulation attributed a larger fraction of loss to the solar term, solar 

mortality was determined to be the most important for loss.  Loss terms, however, can 
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compensate for one another, making separate evaluation of individual components 

important to avoid the inclusion of redundant processes (Thupaki et al., 2010). 

Although time consuming, thorough analysis of individual model terms (even ones 

that seem unimportant for a given systems) is a requisite for understanding the roles of 

specific survivorship mechanisms in different physical contexts.  Currently, there is 

the tendency to pick and choose survivorship mechanisms to include in models based 

on what is deemed likely to be important, without evaluating alternatives (de 

Brauwere et al., 2011).  This has the potential to lead to models that are accurate, but 

imprecise, making them difficult to translate into useful predictive tools.  

It is also notable that to date, even in locations where the balance between 

physical transports and FIB survivorship has been explored, we still only understand 

this balance for the most nearshore of waters.  The majority of FIB data collected, and 

used to calibrate /test models, comes from shoreline samples in knee-deep water 

(Grant et al., 2001; Boehm et al., 2003; Liu et al., 2006; Thupaki et al., 2010). 

Recreational beach use, especially in California where surfing is a common activity, is 

not limited to the shoreline.  This makes it important to evaluate FIB contamination 

and the processes controlling it over wider recreational domains.  Many hydrodynamic 

models already have the ability to predict FIB concentrations in highly resolved along 

and cross-shore grids.  What we lack is an understanding of how the balances between 

physical transports and FIB survivorship in the surfzone translate to waters beyond the 

surfzone, where physical processes are different, and survivorship may also change 

(Davies-Colley et al., 1994; Kim et al., 2004).
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But what about Management?

Although hydrodynamic models and other dynamics-based tools for FIB 

prediction may eventually be useful for beach management decisions, these tools are 

currently computationally intensive and complex, making them difficult for 

management use.  Consequently, a substantial amount of effort has been directed 

towards the development and assessment of statistical models for FIB prediction 

(Nevers and Whitman, 2005; Boehm et al., 2007).  These models draw upon the 

greater pool of processes identified as important for FIB using dynamics-based 

models, laboratory experiments, or field work, identify easily measured environmental 

parameters associated with these processes, and attempt to use these parameters to 

predict FIB concentrations (Boehm et al., 2007; He and He, 2008; Zhang et al., 2012). 

Predictive statistical models have proven extremely useful in freshwater systems, and 

have been implemented by management in several states in the Great Lakes area 

(Nevers and Whitman, 2005; Francy et al., 2006; Francy, 2009).  Their utility for 

marine beaches is only beginning to be explored (Hou et al., 2006; Boehm et al., 2007; 

He and He, 2008; Zhang et al., 2012).

To date, the most commonly used form of predictive statistical models are 

based on multiple linear regressions (MLR) with log transformed FIB data (Nevers 

and Whitman, 2005, 2011; Nevers et al., 2007; Frick et al., 2008).  These models are 

often more successful at FIB prediction than traditional persistence methods, which 

apply FIB concentrations (cultured from water samples 18-24 hours prior) to the 

coming day's water quality assessment.  Persistence methods have been shown to 

result in incorrect management decisions up to 41% of the time (Kim and Grant, 
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2004).  At some beaches, MLR based statistical models have been shown to more than 

halve both Type II prediction error (beaches left open when water quality is poor) and 

Type I error (beaches closed when water quality is good), with respect to persistence-

based methods (Nevers and Whitman., 2005).  These successes prompted the 

development and testing of the EPA backed software Virtual Beach (VB), which 

provides a statistical package for beach managers that facilitates the development and 

use of MLR based FIB models at local beaches (Ge and Frick, 2007; Frick et al., 2008; 

Ge and Frick, 2009; Zhang et al., 2012). 

VB software has been explored for use in marine waters by Zhang et al., 

(2012) at Holly Beach, on the Gulf Coast.  At this beach, linear VB model predictions 

were correlated with observed FIB data (correlation coefficient ~ 0.354).  FIB 

variability was underestimated, however, resulting in high root mean squared error. 

FIB contamination magnitude was typically over or underestimated by 10 fold, 

making it difficult to see how this model could be reliably used for management 

decisions.  The performance of the VB model was similar when modified to allow for 

non-linear relationships between environmental variables, and, overall, VB models 

were found to have higher prediction error than other predictive statistical methods 

like Artificial Neural Network (ANN) models. (Zhang et al., 2012).  ANN models 

have also been found to predict FIB concentrations well at other marine beaches 

including Torrey Pines State Beach and San Elijo State Beach in Southern California 

(He and He, 2008).  

In addition to MLR and ANN models, partial least squares regression and 

regression trees have been explored as statistical methods for predicting indicator 
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bacteria at marine beaches (Hou et al., 2006; Boehm et al., 2007).  The performance of 

these models has been observed to be variable , particularly in the validation phase, 

where model performance is evaluated using a novel data set not included in model 

development (Boehm et al., 2007).  These difficulties with model validation, which are 

particularly evident for dynamic marine beaches, have led to a call for 

interdisciplinary studies that characterize both the extra-enteric ecology of FIB and 

nearshore physical transports (Boehm et al., 2007).  In their 2007 publication, Boehm 

et al. state that:

“To improve models, we need to learn more about FIB sources, natural 

variation, and the  processes that govern FIB fate and transport in the very 

nearshore environment”.  

This call emphasizes our current need for interdisciplinary syntheses of water quality 

research in order to better understand and evaluate fecal pollution in coastal waters.

Dissertation Goals:

It is the primary goal of this dissertation to address the above-mentioned call 

for interdisciplinary syntheses of extra-enteric FIB ecology, physical transports, and 

source dynamics.  To this effect, Chapter 2 of my dissertation focuses on the 

development and evaluation of a physical transport model for Huntington Beach, 

California.  The performance of this model is assessed using along and across-shore 

resolved FIB data, addressing the above-mentioned need to expand our evaluation of 

FIB dynamics into the outer surfzone and beyond.  Chapter 3 of this dissertation 

explores the performance of six different mortality formulations in the Huntington 
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Beach physical transport model, allowing me to evaluate the role of different 

ecological processes in light of pertinent physical transports, at this beach.  This 

evaluation centers on the importance of solar radiation, but also examines other, less 

frequently explored contributors to FIB mortality.  

Chapter 4 of my dissertation addresses FIB extra-enteric ecology itself in more 

depth.  Due to the paucity of studies that explore biotic (as opposed to abiotic) 

stressors, this chapter focuses on the importance of planktonic marine communities – 

specifically bloom forming dinoflagellates – for FIB survivorship.  Preliminary results 

of FIB-phytoplankton survivorship experiments will be discussed, and the importance 

of the resultant mortality terms evaluated, using the physical transport model 

developed in Chapter 2. 

Chapter 5 of my dissertation represents a transition from the dynamics-based 

work in my previous chapters to more deterministic, management-centered research. 

This chapter focuses on the water quality implications of sediment resuspension from 

a beach nourishment at Boarder Fields State Beach, near the San Diego-Mexico 

boarder.  Predictive statistical approaches are used to diagnose important parameters 

affecting water quality during the nourishment event.  The implications of this work 

for the use of statistical approaches to predict water quality at marine beaches will be 

addressed.

Chapter 6 will conclude my dissertation, providing a synthesis of the physical, 

ecological, and management implications of the previous chapters.  It is my hope that 

this dissertation will become one of many that evaluate bacteriological water quality in 

an increasingly interdisciplinary framework.  Our field lies at the intersection of 
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oceanography, microbiology, physics, chemistry, engineering, and human health.  The 

discipline can only benefit from the combined efforts of each.  
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CHAPTER 2.

PHYSICAL FACTORS CONTROLLING VARIABILITY IN NEARSHORE FECAL 

POLLUTION: FECAL INDICATOR BACTERIA AS PASSIVE PARTICLES 

Abstract

We present results from a 5-hour field program (HB06) that took place at 

California's Huntington State Beach.  We assessed the importance of physical 

dynamics in controlling fecal indicator bacteria (FIB) concentrations during HB06 

using an individual based model including alongshore advection and cross-shore 

variable horizontal diffusion.  The model was parameterized with physical (waves and 

currents) and bacterial (E. coli and Enterococcus) observations made during HB06. 

The model captured surfzone FIB dynamics well (average surfzone model skill: 0.84 

{E. coli} and 0.52 {enterococci}), but fell short of capturing offshore FIB dynamics. 

Our analyses support the hypothesis that surfzone FIB variability during HB06 was a 

consequence of southward advection and diffusion of a patch of FIB originating north 

of the study area.  Offshore FIB may have originated from a different, southern, 

source.  Mortality may account for some of the offshore variability not explained by 

the physical model.

Introduction

Approximately 90% of California’s beach closures are due to elevated levels of 

fecal indicator bacteria (FIB) (Dufour and Wymer, 2006).  FIB are nonpathogenic 

enteric bacteria, present at high concentrations in human and animal wastes, that are 

31



32

used to track bacterial pathogens in coastal systems (Sinton et al., 1993).  FIB are 

released from contaminated sources – often non-point source run-off or riverine 

discharge – become suspended in the surfzone (coastal waters shoreward of the 

breaker line), and are transported to beaches (Boehm et al., 2002; Boehm et al., 2005; 

Grant et al., 2005).  The spatial and temporal distribution of FIB sources, and the 

dynamics of the surfzone through which FIB are transported, play an important role in 

regulating the extent and intensity of beach bacterial contamination.  Furthermore, 

because FIB survival in the surfzone determines the duration of transport, factors 

regulating FIB growth and mortality in coastal waters are also central to our 

understanding of bacterial pollution (Anderson et al., 2005; Boehm, 2003; Boehm et 

al., 2005).

Beach pollution events are often poorly predicted, and about 40% of 

contamination postings are erroneous (Kim and Grant, 2004).  With over 550 million 

annual person-visits to California beaches, this inaccuracy impacts both individual 

beach goers and California's multi-billion dollar coastal tourism industry (Grant et al., 

2001). Predictive modeling of bacterial pollution using readily measured (or modeled) 

physical parameters (wave height/direction, river flow, rainfall, etc.) could be a cost-

effective way to improve the accuracy of beach contamination postings.  However, to 

be effective in a range of settings, these models require mechanistic understanding of 

bacterial sources, transports, and extra-enteric growth or decay. Mechanistic 

understanding moves beyond correlations, and examines the effects of individual 

processes structuring beach pollution.  Past mechanistic studies have been limited by a 

lack of physical (fluid) and biological observations with suitable spatial and temporal 
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resolution.

We present results from a field program with joint physical and bacterial 

observations designed to identify the dominant mechanisms controlling local FIB 

variability.  In the present paper we focus on quantifying the contribution of physical 

processes (advection and diffusion) to the observed FIB patterns, and developing a 

best-fit physical model from this analysis.  The contribution of biological processes to 

nearshore FIB variability is addressed in Rippy et al. (submitted ms.). 

Methods

Field Site Description:

Southern California's Huntington State Beach is ~3.2 km long, with chronically 

poor surfzone water quality (Grant et al., 2001; Kim et al., 2004).  At its southern end, 

the beach receives brackish flows from the Talbert Marsh (TM) and the Santa Ana 

River (SAR), both of which have been implicated as sources of surfzone FIB (Kim et 

al., 2004).  In fall 2006, a multi-institutional field campaign (“HB06”) focused on 

observing nearshore waves, currents, temperature, phytoplankton, and FIB at this 

beach.  The present study concerns the bacterial component of HB06, a 5-hour FIB 

survey with high spatial and temporal resolution conducted on October 16th along 

transects extending 1 km north of the TM/SAR outlets, and 300 m offshore.

FIB Sampling Program:  

Sample Collection & Processing:

FIB concentrations were measured at 8 stations: 4 in knee-deep water along a 
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1000 m alongshore transect north of SAR (SAR, TM, FHM, F1; Fig. 2.1), and 4 along 

a 300 m cross-shore transect starting at F1 (knee-deep water), and terminating at an 

offshore Orange County Sanitation District mooring (OM) in ~8 m mean water depth 

(F1, F3, F5, F7, OM; Fig. 2.1).  Every 20 minutes, from 0650 h to 1150 h PDT, 100 ml 

water samples were taken at all stations.  Samples were stored on ice and transported 

to the Orange County Sanitation District (OCSD) within 6 h of collection.  All 

samples were analyzed for E. coli (IDEXX Colilert) and Enterococcus (EPA method 

1600) concentrations by OCSD personnel.  

Spatial & Temporal Patterns in Bacterial Decay: 

Temporal rates of FIB loss were estimated for each station from regressions of 

log(FIB) versus time.  We refer to these FIB loss rates as “decay”, where decay 

includes removal/dilution due to advection and diffusion as well as biological 

mortality.  In contrast, the term “mortality” will be used to denote the portion of decay 

that is due to FIB senescence alone, and is not caused by the measured physical 

processes.  

At stations where FIB concentrations dropped below minimum sensitivity 

standards for our bacterial assays (< 10 MPN / 100 ml for E. coli or < 2 CFU / 100 ml 

for enterococci) prior to the end of the study period, decay rates were calculated using 

only data up until these standards were reached (SI Fig. 2.1).  Decay rates were 

compared across sampling stations to look for spatial patterns in bacterial loss.  Decay 

rates were also compared across FIB groups (E. coli vs. enterococci) to identify group-

specific patterns.  Statistical analyses were performed using MATLAB (Mathworks, 
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Natick, MA).   

Nearshore Instrumentation:

Pressure sensors and Acoustic Doppler velocimeters (ADV's) (Sontek, 2004), 

both sampling at 8 Hz, were placed in the nearshore to monitor the wave and current 

field during our study.  All instruments were mounted on tripod frames fixed on the 

seafloor at seven locations (F1-F7) along the shoreward-most 150 m of the cross-shore 

transect shown in (Fig. 2.1). Cross-shore resolved estimates of the alongshore current 

field were determined using 20 minute averaged alongshore water velocities from each 

ADV. 

2D Individual Based FIB Model:  

The contribution of physical processes in structuring FIB concentrations during 

HB06 was quantified using a 2D (x = alongshore, y = cross-shore) individual-based 

advection-diffusion or “AD” model for FIB (informed by the model of Tanaka and 

Franks, 2008).  Only alongshore advection, assumed to be uniform alongshore, was 

included in the model.  Both cross-shore and alongshore diffusivities were also 

included.  These were assumed to be equal at any point in space, and alongshore 

uniform.  The cross-shore variation of diffusivity was modeled as:
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Here, k0 is the background (offshore) diffusivity, k1 is the elevated surfzone 

diffusivity (Reniers et al., 2009; Spydell et al., 2007), y0 is the observed cross-shore 

midpoint of the transition between k0 and k1  (i.e., the offshore edge of the surfzone) 

and yscale determines the cross-shore transition width.  Representative values of k1  (0.5 

m2 s-1) and k0  (0.05 m2 s-1) were chosen based on incident wave height and alongshore 

current measurements (Clark et al., 2010; Spydell et al., 2009).  The observed width of 

the surfzone (i.e., the region of breaking waves) was used to determine y0 . Significant 

wave height was maximum at F4 and low at F1 and F2, suggesting that the offshore 

edge of the surfzone was between F2 and F4 (Fig. 2.2 a); thus y0 = 50 m, near F3.  To 

give a rapid cross-shore transition between surfzone (F2) and offshore (F4) diffusivity, 

yscale was set to 5 m (SI Fig. 2.2).  The AD model was only weakly sensitive to the 

parameterization of yscale , k0 and k1 , with sensitivity varying by station (SI Fig. 2.3). 

Cross-shore advection was not included in the model, as  alongshore samples were 

taken from the same water depth  each time (i.e., following the tidal excursion). 

Neglecting cross-shore advection (including rips, etc.) will generally lead to 

conservative estimates of the contribution of physical dilution to FIB decay.

Particle Motions: 

In the AD model, FIB particles are advected alongshore by 20 minute average 

currents (u), that vary in the cross-shore (y).  FIB particles diffuse along- and cross-

shore by horizontal diffusion (kh).  For a particle starting at (xt, yt), its position at (xt + Δt, 

yt + Δt) is
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where R is a random number with zero mean and variance r.  For this model, r = 1/3, 

giving R a uniform distribution with range [-1 1] (Ross and Sharples, 2004; Tanaka 

and Franks, 2008).  The time step was  Δt = 1 s for all model runs.  A reflecting 

boundary condition was used at the shoreline; otherwise particles could move 

anywhere in the domain. 

Model Initialization: 

The AD model was initialized at t0 = 0650 h (the earliest FIB sampling time) 
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with 80,000 bacterial particles distributed uniformly within a rectangular (x,y) patch. 

Each particle represents a number of FIB (concentration C); the actual number of FIB 

per particle can be scaled to match the data, provided the same scaling is applied to 

every particle.  Our scaling constants were determined such that the space-time mean 

of AD modeled FIB equaled the space-time mean of measured FIB (E. coli or 

Enterococcus).

Initial patch boundaries (along and cross-shore) were identified by varying 

patch boundary locations over reasonable ranges to maximize the skill between the 

AD model and HB06 FIB data (Krause et al., 2005).  Skill is defined as:

 
 2
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where, Cobs are log FIB concentration data, Cmod are log AD model outputs, and  obsC  is 

the space-time mean of log(Cobs) for all stations and times.  Here, skill is a measure of 

how much better (or worse) the model explains fluctuations in the data than the data 

mean.  A value of 0 indicates that the model performs the same as the data mean.  A 

value of 1 indicates that the model explains all the variance after removing the mean, 

and a negative value indicates that the model performs worse than the data mean. 

Depending on the context, the numerator for skill was calculated for individual 

stations, groups of stations, or all stations together; the denominator was always the 

same (all stations).

HB06 FIB observations showed the offshore FIB patch edge to be  ~140 - 300 
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m from the shoreline.  The effect of this range of possible offshore patch edges was 

explored in the model.  The northernmost patch edge was varied from 0-2000 m north 

of the sampling region, and the southernmost patch edge was varied from 0-2000 m 

south of the sampling region.  The initial patch always included the 1 km-long 

sampling region.  Initial patch sizes that maximized alongshore and cross-shore station 

skill were used to initialize a “best-fit” AD model for subsequent comparisons 

between modeled and observed FIB concentrations and decay rates.  The robustness of 

the model to alternative initial patch shapes is discussed briefly below (for details see 

Appendix 2.1 and SI Fig. 2.4).

Results and Discussion

Physical Environment:

On October, 16th, 2006, the surfzone was between 40 and 70 m wide, with 

wave breaking beginning between F2 and F4.  The maximum significant wave height 

was about 0.8 m, at F4 (Fig. 2.2 a).  The alongshore current direction (u) was variable 

both in time and with distance across shore.  During the 5 h of FIB sampling, inner 

surfzone u (F1 and F2) was typically southward, while outer surfzone u (F3) and 

offshore u (F4-F7) were initially northward, and then reversed between 0750 h and 

0930 h (Fig. 2.2 b).   The reason for the current reversal at F3 and farther offshore is 

unknown, but may be linked to tidal phase, which transitioned from flood to ebb at 

0710 h (Fig. 2.2 c). 

The cross-shore sign reversal of the alongshore currents during the first hour of 

FIB sampling was also observed in the 12 h prior to FIB sampling (Fig. 2.2 b).  During 
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this time, the average surfzone current was flowing south (0.03 m s-1), and the average 

offshore current was flowing north (0.05 m s-1) (Fig. 2.2 b), suggesting that offshore 

and surfzone FIB could have originated from different alongshore sources separated 

by as much as 5 km.  

To identify possible source locations for the bacterial pollution observed on 

October 16th in more detail, the advection diffusion (AD) model (described above) was 

initialized with a uniform rectangular patch of particles spanning the study region (150 

m cross-shore by 1000 m alongshore).  The model was then run backwards in time 

(hindcast) to sundown of the previous evening using measured alongshore currents 

and no diffusion.  These analyses showed that the surfzone FIB may have originated 

from a source 600-1500 m north of the study area, whereas the offshore FIB probably 

originated from a southern source, anywhere from 2-5 km south of the study area (Fig. 

2.3). 

Bacterial Patterns at Huntington Beach:

At 0650 h on Oct. 16th, E. coli and Enterococcus concentrations exceeded EPA 

single-sample standards (104 Enterococcus /100 ml and 235 E. coli /100 ml) at most 

stations (88% for E. coli and 75% for Enterococcus).  FIB concentrations were near 

zero offshore at OM, and concentrations at TM were approximately half those of the 

other stations (Fig. 2.4).  The low concentrations at OM are consistent with prior 

research suggesting shoreline sources of FIB at Huntington Beach (Grant et al., 2001; 

Kim et al., 2004), and the retentive nature of the surfzone (Clark et al., 2010; Grant et 

al., 2005; Spydell et al., 2099).  The low concentrations at TM, however, were 
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unexpected, as prior research at Huntington Beach has shown a connection between 

Enterococcus concentrations and bird feces in the marsh (Grant et al., 2001; Kim et 

al., 2004). 

By 1150 h, FIB concentrations at all sampling locations were well below 

morning levels (Fig. 2.4).  FIB decay was exponential in time at all stations, with 

Enterococcus concentrations decaying significantly faster than E. coli concentrations 

(Table 1).  

Spatial Structure of FIB decay:

E. coli and Enterococcus decay rates varied spatially, and were faster to the 

north than the south.  FIB decay rates were not always significantly different at 

adjacent alongshore stations, but decay at SAR (southernmost station) was always 

slower than at F1 (northernmost station; Fig. 2.5 a).  There were no significant 

differences in FIB decay rates across shore for either FIB group (Fig. 2.5 b).  The 

similar along- and across shore spatial patterns in decay observed for E. coli and 

Enterococcus suggest that, although the magnitude of decay may vary with FIB group 

(mentioned above), both groups are affected by similar overarching processes such as 

physical dilution by advection and diffusion.  We will quantify the contribution of 

advection and diffusion to measured FIB decay using our AD model.  

Model Sensitivity Analysis: Initial Patch Size  

Due to predominately southward advection during the sampling period, the AD 

model was sensitive to initial (0650 h) offshore and northern patch boundaries, but not 
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the southern boundary.  We modified equation 4 to calculate skill at alongshore or 

cross-shore stations only, as we varied the northern and offshore edges of the initial 

patch, respectively.  Alongshore skill was maximum when the initial northern patch 

edge was 200 m N of F1 for enterococci and 600 m north of F1 for E. coli  (Skill = 

0.60 and 0.85, respectively) (SI Fig. 2.5 a).  Notably, however, alongshore skill was 

relatively constant for  initial northern patch edges between 100 - 900 m north (E. coli) 

or 100 – 600 m north (enterococci) (SI Fig. 2.5 a).  For subsequent AD model runs, the 

northern patch edge was set to 600 m north; this value lies within the region of high 

model skill for E. coli and Enterococcus (SI Fig. 2.5 a). It is also consistent with the 

results of our hindcast model (Fig. 2.3), which indicated that surfzone FIB originated 

600-1500 m north of the study area..  

Overall, cross-shore AD model skill was lower than alongshore skill. 

Maximum cross-shore skill occurred when the initial offshore patch edge was 160 m 

offshore for both FIB groups (Skill = 0.16 and 0.29, respectively) (SI Fig. 2.5 b).

The optimal northern and offshore initial patch boundaries identified in this 

manner (600 m north and 160 m offshore) were relatively robust to initial patch shape. 

Initializing the model with a rectangular patch that had diffused for five hours, instead 

of a rectangular patch with sharp edges, identified similar patch boundaries (700 m 

north and 160 m offshore) with reduced model skill, especially in the cross-shore (SI 

Fig. 2.4; SI Fig. 2.5).  

Best-Fit Model-Data Comparisons: Physical factors controlling FIB patchiness 

The AD (advection and diffusion) model reproduced a statistically significant 
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amount of FIB variability at alongshore stations during HB06.  Modeled FIB 

concentrations decayed markedly (especially at northern stations) by 1150 h, as was 

observed in the field (Fig. 2.4; Fig. 2.6 a).  Station-specific model skill was typically 

high (Skill = 0.74 - 0.90 for E. coli, and 0.45 – 0.66 for Enterococcus), with lower 

skill observed for Enterococcus (Fig. 2.6 b).  Modeled station-specific FIB decay – 

driven only by advection and diffusion – was exponential for all alongshore stations 

(SI Fig. 2.6), and exhibited a spatial pattern similar to HB06 FIB data, with 

significantly faster decay observed at northern stations than southern stations (Fig. 2.5 

a).  Although the spatial patterns of decay estimated by the AD model matched those 

of HB06 FIB well, the actual magnitudes of the decay rates were lower than observed 

(Fig. 2.5).  The only station where the AD model captured FIB decay rates accurately 

(p < 0.05) was SAR, for E. coli (Fig. 2.5 a).  At all other stations, AD modeled FIB 

decay accounted for ≤ 50 % of observed decay (Fig. 2.5).  This underestimation of 

FIB decay rates suggests that an additional source of decay must be included in the 

model to accurately reproduce FIB dynamics during HB06.  This additional decay is 

likely to be intrinsic to the FIB taxa, as the amount of unexplained FIB decay during 

HB06 was group-specific (Fig. 2.5).  

In the cross-shore, the AD model successfully reproduced FIB patterns for 

surfzone stations (F1, F3) and the offshore mooring (Enterococcus only), where FIB 

concentrations were consistently near zero.  It failed, however, to reproduce FIB 

patterns for offshore stations exhibiting FIB contamination (F5, F7) (Fig. 2.6 b).  Poor 

model-data fits at these stations likely reflect over-retention of offshore FIB (Fig. 2.4; 

Fig. 2.6 a).  Modeled FIB decay at these stations was significantly slower than decay 
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at F1 and F3, while observed FIB decay rates were constant across-shore (Fig. 2.5 b). 

Together, the relatively poor model-data fits and decay-rate estimates for offshore 

stations suggest that, although the AD model performs well in the surfzone, it is 

missing a dominant process structuring offshore FIB concentrations during HB06.  

Through a synthesis of field observations and models, we have shown that a 

model including only horizontal advection and diffusion can explain a significant 

portion of the variability in FIB concentrations at Huntington Beach, especially in the 

alongshore (Skill of 0.45 to 0.90 at alongshore stations and -0.23 to 0.74 at cross-shore 

stations, Fig. 2.6 b).  HB06 was the first study to perform high-resolution monitoring 

of FIB, waves, and currents in the nearshore, providing an opportunity to directly 

quantify the importance of these physical processes in structuring nearshore FIB 

pollution.  The strong role of advection and diffusion in structuring patterns of FIB 

during HB06 was somewhat surprising given the temporal decays observed at each 

sampling station often attributed to solar insolation (e.g., Ki et al., 2007).  Our 

analyses suggest, however, that a significant portion of this decay (mean of 38 % for 

E. coli, and 14 % for Enterococcus) was due to southward advection and diffusion of 

FIB patches through the study area (Fig. 2.5).  This resulted in faster FIB decay to the 

north than the south, as the FIB patch was mixed and advected past northern stations 

first.    

Although the AD model captured FIB dynamics during HB06 well overall, the 

underestimation of FIB decay rates (especially at offshore stations) suggests that it is 

missing important processes governing FIB decay.  Given the reported sensitivity of 

FIB to variations in solar insolation, organic matter, pH, salinity, etc., it is likely that 
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some form of extra-enteric FIB mortality may have contributed to the FIB decay 

observed during HB06 (Anderson et al., 2005; Curtis et al., 1992; Sinton et al., 2002). 

The contribution of mortality to nearshore FIB variability is addressed in Rippy et al. 

(submitted ms.). 
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Table 2.1: Rates of FIB decay during HB06.
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Figure 2.1: Schematic of the HB06 experiment. White boxes mark the location of 
bacterial sampling stations. Alongshore sampling sites were the Santa Ana River 
(SAR), the Talbert Marsh (TM ), a station 500 m north of the Santa Ana River 
(FHM), and the first surfzone frame (F1). Cross-shore sampling sites were located 
at the first (F1), third (F3), fifth (F5), and seventh (F7) surfzone frames as well as an 
offshore buoy (OM). Depth and distance offshore of cross-shore sites are shown in 
the inset, where blue circles mark the location of ADV's.
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Figure 2.2: (A) Significant wave height and (B) 20-minute mean alongshore current 
(red = surfzone and black = offshore), measured at cross-shore frames F1-F7. (C) 
Mean water depth measured at F3 versus time (hours) from 1950 on October 15th to 
2350 on October 16th. Midnight is at t = 0 h. Dashed boxes indicate the 5-hr HB06 
FIB study period. 
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Figure 2.3: Along- and cross-shore locations of FIB particles initialized in a 
uniform rectangular patch at 0650 (A) and advected back in time using measured 
alongshore currents  for six (B), and 11 (C) hours. Surfzone FIB particles are black 
and offshore FIB particles are red. Particle locations reflect cross-shore shear in the 
alongshore current, with surfzone FIB originating to the north and offshore FIB 
originating to the south. The origins of surfzone FIB appear stable around 600 – 
1500 m N, while the origins of offshore FIB are time dependent (B & C). 
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Figure 2.4: Contour plots of (A) E. coli (ln MPN 100 ml-1) & (B) Enterococcus (ln 
CFU 100 ml-1) concentrations at HB06 as a function of cross-shore distance (m), 
alongshore distance (m), and time (hours). Plots are oriented as though the viewer is 
standing on the beach, looking offshore. On the alongshore axis, the northernmost 
station is located at 0 m, with negative values indicating stations to the south. The 
location of each sampling station is shown by a dashed white line. 
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Figure 2.5: Bar graph of measured exponential decay rates for Enterococcus (black 
bars) and E. coli (gray bars), and FIB modeled using the AD model (red bars). (A) 
Alongshore sampling stations and (B) cross-shore sampling stations. FIB decay rates 
from the AD model are averages of 10 model runs, shown with standard error. Boxes 
link stations for Enterococcus (black), E. coli (blue) and the AD model (red) with 
decay rates that are not significantly different from one another (p < 0.05). See SI 
Fig 1 for exponential fits to FIB data.
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Figure 2.6: A) Contour plot of best-fit AD model particle concentrations as a function 
of cross-shore distance (m), alongshore distance (m), and time (hours). Axes are same 
as figure 3. B) Bar graph of station-specific skill for AD model - FIB data 
comparisons; Enterococcus (blue) and E. coli (red).
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Appendix 2.1: Supplementary Methods

AD Model: Initial Patch Shape

The AD model developed during this study was typically initialized with a 

uniform rectangular patch of FIB at 0650 h. A rectangular patch was chosen because 

FIB concentrations at 0650 h were similar at most sampling stations. Beyond study 

bounds, however, a FIB patch could take on any shape. For this reason, in our 

exploration of northern and offshore FIB patch edges, we explored the effects of 

alternate (non uniform rectangular) initial patch shapes on AD model skill. These 

alternate patch shapes were constructed by pre-diffusing a uniform rectangular patch 

for 1, 2, or 5 hours, according to the diffusion formulation of the AD model. The 

resultant FIB patch was then used to initialize the AD model (SI Fig. 4). Similar skill 

was observed when the AD model was initialized with either pre-diffused or uniform 

rectangular initial patch shapes, although the pre-diffused FIB patch typically yielded 

poorer skill values (SI Fig. 5). 
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Appendix 2.2: Supplementary Figures. 

SI Fig. 2.1: Time series of FIB concentration (A & B = E. coli & B & C = 
Enterococcus) at alongshore (A & C) and cross-shore (B & D) stations. All fits are 
exponential. Significant fits (p< 0.01) are denoted by asterisks (see legends). Data 
(red) occur after FIB concentrations at each station drop to zero. These data are near 
the lower detection limit of Enterolert (ln 10 / 100 ml for E. coli, or ln 2 / 100 ml for 
Enterococcus) and were not used for decay rate fits.
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SI Figure 2.2: Cross-shore profile of diffusivity for the AD model. Cross-shore 
distance x is defined so that tripod F1 is located at 0 m. Frame location is demarcated 
by dashed vertical lines with text boxes. The transition between surfzone and offshore 
occurs at 50 m (F3), shown in red, with F2 (blue) occurring solidly within the 
surfzone, and F4 (cyan) just beyond it. Color scheme corresponds to Fig 2a.
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SI Figure 2.3: Sensitivity plots for κ1 (offshore diffusivity (m2 s-1)) (A, B), κ0 

(surfzone diffusivity (m2 s-1 )) (C, D), and yscale (width of surfzone – offshore transition 
(m)) (E, F). Analyses for Enterococcus are on the left (A, C, E), and analyses for E. 
coli are on the right (B, D, F). For all plots the x-axis is sampling station, and the y-
axis is AD model skill. The AD model is fairly insensitive to the selection of κ1, κ0, 
and yscale. For many stations, the chosen parameter set of κ1= 0.5 m2 s-1 , κ0 = 0.05 m2 s-

1, and yscale = 50 m produces the best fits.
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SI Figure 2.4: Plots of log particle concentration for two different AD model initial 
conditions. Alongshore distance (m) is on the x-axis, and cross-shore distance (m) is 
on the y-axis. A) FIB are released in a uniform rectangular patch. B) FIB are released 
in a pre-diffused patch, where diffusion has been allowed to run for 5 hours. 
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SI Figure 2.5: Model skill versus patch extent averaged over (A) alongshore and (B) 
cross-shore stations.  Skill is defined as in equation 4, but with the numerator 
summed over alongshore stations (alongshore skill) or cross-shore stations (cross-
shore skill) instead of all stations (total skill).  The effects of offshore patch extent on 
skill at alongshore stations was negligible, so skill in A (red = Enterococcus and blue 
= E. coli) has been averaged across all possible offshore patch extents. The effects of 
northern patch extent on skill at cross-shore stations was also negligible, so skill in B 
has been averaged across all possible northern patch extents. Best-fit patch extents for 
each FIB group are indicated by open circles and colored boxes indicate the +/- 0.05 
skill range around the maximum skill value for each FIB group. Light blue open 
circles show best-fit AD model skill for E. coli when the AD model is initialized with 
a patch that has been pre-diffused for 5 hours, instead of a rectangular one with sharp 
edges. For both FIB groups and initial patch shapes the best offshore patch edge was 
160 m offshore. The AD model was fairly insensitive to northern patch extent, but 
model skill was high 100-900 m N of F1 (E.coli) or 100-600 m N of F1 
(Enterococcus). 600 m N was selected as the initial northern patch extent because 
model skill was high there for both FIB groups, and because the hindcast model (see 
SI Fig. 5c) supports northern patch origins between 600 and 1500 m N of F1. 
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SI Figure 2.6: Time series of best-fit AD model particle concentration at alongshore 
(A) and cross-shore (B) stations during HB06. All fits except F5, F7, and OM are 
exponential and significant at the p < 0.01 level. Significant fits are denoted by 
asterisks (see legends). 



CHAPTER 3.

FACTORS CONTROLLING VARIABILITY IN NEARSHORE FECAL 

POLLUTION: THE EFFECTS OF MORTALITY

Abstract

A suite of physical-biological models was used to explore the importance of 

mortality and fluid dynamics in controlling concentrations of fecal indicator bacteria 

(FIB) at Huntington Beach, CA.  An advection-diffusion (AD) model provided a 

baseline to assess improvements in model skill with the inclusion of mortality.  Six 

forms of mortality were modeled.  All mortality models performed better than the AD 

model, especially at offshore sampling stations, where model skill increased from < 

0.18 to > 0.50 (E. coli) or < -0.14 to > 0.30 (Enterococcus).  Models including cross-

shore variable mortality rates reproduced FIB decay accurately (p < 0.05) at more 

stations than models without.  This finding is consistent with analyses that revealed 

cross-shore variability in Enterococcus species composition and solar dose response. 

No best model was identified for Enterococcus, as all models including cross-shore 

variable mortality performed similarly.  The best model for E. coli included solar-

dependent and cross-shore variable mortality.  

Introduction

Human pathogenic bacteria are a persistent social, health, and economic 

problem at beaches around the world.  The significant health risks and economic 

losses associated with beach bacterial pollution have prompted extensive monitoring 
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programs and concerted research efforts aimed at predicting pollution events (Boehm, 

2003; Boehm et al., 2005; Sanders et al., 2005).  

Multiple mechanisms have been identified that introduce pathogens and 

associated fecal indicator bacteria (FIB) into the surfzone, including: tidal pumping 

from estuaries (Grant et al., 2001) and groundwater (Boehm et al., 2004), river flow 

(Gersberg et al., 2006), and re-suspension from sediments (Yamahara et al., 2007). 

Similarly, many factors governing rates of FIB mortality in seawater have been 

identified, including: solar insolation (Sinton et al., 2002, 2007), temperature (Solic 

and Krstulovic, 1992), dissolved organic nutrients (Hartke et al., 1998), dissolved 

oxygen (Curtis et al., 1992), and protistan grazing (Hartke et al., 2002).  What is often 

absent from efforts to understand nearshore FIB persistence, however, are syntheses of 

physical and biological dynamics.  Only a handful of studies have attempted to 

quantify the importance of different physical or biological processes in controlling the 

extent and intensity of FIB pollution in the surfzone (Boehm et al., 2005; Boehm et al., 

2009; Grant et al., 2001).  Even fewer use models as vehicles to test hypotheses 

concerning the accuracy with which different combinations of mechanisms can 

reproduce actual FIB data (Boehm, 2003; Boehm et al., 2005, Sanders et al., 2005). 

Here, we present a study designed specifically for this purpose.

Data were acquired during a 5-hour field program at Huntington Beach, CA, 

on October 16th, 2006, that monitored nearshore FIB concentrations, waves, and 

currents.  In this manuscript we explore the effects of biological dynamics (in this case 

mortality) in controlling the spatial and temporal variability of FIB  at Huntington 

Beach.  Six different mortality functions representing different FIB mortality 
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mechanisms were added to an individual based model of FIB  that contained 

alongshore advection and cross-shore variable horizontal diffusion (the AD model). 

These new mortality models, together with additional data (Enterococcus species 

distribution and time dependent solar insolation dose observations), are used to 

evaluate hypotheses regarding FIB mortality mechanisms in the nearshore.

The mortality mechanisms explored in this paper are: spatially and temporally 

constant mortality (null hypothesis), spatially constant solar-induced mortality, 

stationary cross-shore mortality gradients, FIB source-dependent mortality, and two 

combinations of the above.  Solar-induced mortality was explored because insolation 

is often posited as a dominant source of mortality for nearshore FIB, and has been 

suggested to affect FIB at Huntington Beach (Boehm et al., 2002; Sinton et al., 2002). 

Cross-shore mortality gradients were examined because surfzone and offshore waters 

often have different dynamics, which can result in cross-shore gradients of properties 

affecting FIB mortality, like temperature, grazers and turbidity (Omand et al., 2011; 

Reniers et al., 2009; Smith and Largier, 1995).  Turbidity gradients, in particular, can 

affect the penetration of solar insolation, which, if FIB are solar sensitive, may result 

in cross-shore variable FIB mortality gradients that the organisms move through as 

they are advected and diffused across shore (Alkan et al., 1995; Whitman et al., 2004). 

One of our two combination mortality functions includes both cross-shore mortality 

gradients and solar sensitivity to depict this particular mortality mechanism.  Lastly, 

source-specific FIB mortality was examined because FIB from different sources can 

have different mortality rates (Sinton et al., 2002), and multiple FIB sources have been 

identified at Huntington Beach (Boehm et al., 2004; Grant et al., 2001; Rippy et al., 
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submitted ms.).  

Methods

Sampling Design:

Details of the HB06 FIB experiment are reported in Rippy et al. (submitted 

ms.).  Briefly, FIB concentrations at Huntington Beach (which runs approximately 

north-south) were measured for five hours on October 16th, 2006, at 8 stations.  Four 

of these stations spanned a 1000 m alongshore transect from the Santa Ana River, 

north.  The remaining 4 stations were on a 300 m cross-shore transect starting at the 

northernmost alongshore station and terminating at an offshore mooring (Rippy et al., 

submitted ms., their Fig. 2.1).  Water samples (100 ml) were collected at all stations, 

every 20 minutes, from 0650 to 1150 PDT.  All samples were analyzed for E. coli 

(IDEXX Colilert) and Enterococcus (USEPA method 1600) concentrations by Orange 

County Sanitation District personnel.

Acoustic Doppler velocimeters (ADV's) mounted on fixed tripod frames were 

used to measure currents along the shoreward-most 150 m of the cross-shore transect 

(Rippy et al., submitted ms., their Fig. 2.1).  These data were used to force alongshore 

currents in the 2D FIB models discussed below. 

Enterococcus Species Identification: 

Enterococcus species identification was performed to detect spatial patterns 

that could indicate the presence of multiple Enterococcus sources (potentially 

exhibiting differing mortality rates) in the nearshore.  Species were identified at the 
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Orange County Public Health Laboratory using presumptive Enterococcus colonies 

grown up from water samples on mEI agar plates.  Three presumptive Enterococcus 

colonies were examined per plate when colony counts allowed, corresponding to 3 

colonies per water sample.  Initial colony identification was performed using a 

Microscan Walk-Away 96 system containing Microscan Pos Combo Type 12 panels 

(Dade Bhering Inc., West Sacramento, CA).  The type 12 panel contains 27 dried 

biochemical tests for the identification of gram-positive bacteria.  The software 

database for this system contains 42 gram-positive cocci, including seven species of 

Enterococcus.  Additional biochemical tests were also used for identification purposes 

including carbohydrate fermentation in brain heart infusion broth with 1% sucrose (35 

°C), a motility test using motility medium with Triphenyl Tetrazolium Chloride (30 

°C), and a pigment production assay using Trypticase soy agar with 5% sheep’s blood 

(35 °C).  Final identification was determined utilizing published standard biochemical 

identification charts (Moore et al., 2008).

Due to the retentive nature of the surfzone (Reniers et al., 2009), special 

attention was paid to cross-shore variability of Enterococcus species distributions.  All 

identified Enterococcus isolates were classified based on their collection location as 

either “onshore” (SAR, TM, FHM, and F1) or “offshore” (stations ≥ 50 m seaward of 

the surfzone: F5 and F7).  Species composition onshore vs. offshore was compared 

using a Pearson chi-squared test. 

Solar Insolation Studies:

Solar insolation data were collected using a Davis Vantage Pro Plus cosine 
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pyranometer stationed 3.2 km inland of Huntington Beach, with a sampling frequency 

of once per minute (SI Fig. 3.1).  This sensor was part of a weather station managed 

by the Golden West College Observatory.  Solar radiation dosages were calculated by 

integrating solar insolation over the 20-minute FIB sampling interval.  All statistical 

analyses were performed using MATLAB (Mathworks, Natick, MA).

To assess the role of solar insolation as a factor controlling temporal decay in 

FIB concentrations at Huntington Beach, decay rates were calculated for both 

Enterococcus and E. coli at each sampling station and compared to solar insolation 

dose.  FIB decay rates were calculated as r = log[N(t)/N(t-Δt)]/(Δt), where r is the 

FIB-specific decay rate, N(t) is population at time t, and the time interval Δt is 20 min, 

the FIB sampling interval.  Note that these decay rates include all processes leading to 

local losses of FIB, including advection, diffusion and mortality.  Here, the term decay 

rate will always refer to total change in FIB concentration (from data or model 

outputs) with time, regardless of the processes forcing those changes.  In contrast, the 

term mortality rate will be used to denote the portion of FIB decay that is due to FIB 

senescence alone, and not caused by advection or diffusion.

Solar penetration may be significantly decreased in the surfzone due to 

turbidity and bubbles (Alkan et al., 1995; Smith and Largier, 1995).  To determine 

whether or not the relationship between solar dose and FIB decay differed in the 

surfzone vs. farther offshore, FIB sampling stations were divided into “onshore” and 

“offshore” locations (see Enterococcus species identification above).  The solar 

dose/decay rate data for these sets of stations were pooled, and a regression line was 

fit to each set to determine onshore- and offshore solar dose-FIB decay rate 
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relationships. 

2D Individual Based FIB Models: 

Model Structure: AD

Rippy et al. (submitted ms.) constructed a 2D (x = alongshore, y = cross-shore) 

individual-based FIB model (AD) and parameterized it based on literature values, 

HB06 physical measurements, and model fits to HB06 FIB data (E. coli and 

Enterococcus).  The AD model includes alongshore advection, u(y,t), given by the 

cross-shore transect of ADV's mentioned above, and horizontal diffusion (kh), acting 

both along- and across-shore.  Advection and horizontal diffusion were assumed to be 

uniform alongshore.  The local magnitude of horizontal diffusion was defined as,
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where k0 is the background (offshore) diffusivity, k1 is the elevated surfzone 

diffusivity, y0 is the cross-shore midpoint of the transition between k0 and k1  (i.e., the 

offshore edge of the surfzone) and yscale determines the width of this transition in the 

cross-shore.  The k0, k1, y0, and yscale values used here are those that provided the best 

AD model fits to Huntington Beach FIB data: 0.05 m2 s-1, 0.5 m2 s-1, 50 m and 5 m, 

respectively (Rippy et al., submitted ms.).  The fit metric used to assess this, and all 

other model-data fits presented in this paper, was model skill (Krause et al., 2005):
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Here, Cobs is log observed FIB concentration, Cmod is log modeled FIB concentration, 

and  obsC  is the mean of log(Cobs) over all stations and times.  Skill represents the 

degree to which variability in the data is better explained by the model than by the 

global space-time mean of the data.  Depending on context, skill was calculated for 

individual stations, groups of stations, or all stations together, by changing the 

numerator of equation 2.

Model Initialization:

For all model formulations, 80,000 bacterial particles containing a 

concentration of FIB (C) were initialized in a uniform grid extending 160 m offshore, 

and from the Santa Ana River to 600 m north of F1 (the northernmost sampling frame) 

in the alongshore.  These along- and across-shore boundaries for the initial FIB patch 

were determined to produce the best fits between FIB data and the AD model (Rippy 

et al., submitted ms).   

Model Structure: Mortality Models

All mortality models were of the form

MC
dt
dC

 (3)
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where C is FIB concentration and M is a FIB mortality function. In the AD model, M 

was set to zero, and the concentration of FIB in each initial particle was fixed.  M was 

non-zero for all mortality models.  Equation (3) was solved numerically using the 

Euler finite-difference method.  Six different functional forms of M were examined, 

two of which (ADC and ADI) contain only one mortality parameter (m).  The 

remaining four (ADS, ADG, ADSI, and ADGI) contain two mortality parameters each 

(m0 and m1), allowing FIB mortality to vary across shore. 

One Parameter Mortality Models:   ADC and ADI  

In the one-parameter models FIB mortality was set either to a constant rate m 

(units: s-1) (ADC model) or a time-dependent rate determined by measured solar 

insolation I(t) scaled by maximum solar insolation Imax (ADI model):

            ADC model: mM                                                                                      (4)

ADI model: 
maxI

tmIM )(
                                                                                (5)

Appropriate test ranges for the mortality parameters were selected from literature 

(Boehm et al., 2005; Sinton et al., 2002; Troussellier et al., 1998).   Final parameter 

values for both models, and those described below, were those that maximized the 

skill between modeled and observed FIB concentrations (E. coli and Enterococcus). 



71

Two-Parameter Mortality Models: source-specific

In all source-specific mortality models, particles initialized 0-50 m cross-shore 

were considered “onshore” particles and those initialized 50 -160 m cross-shore were 

considered “offshore” particles.  Particle mortality was set according to the particle’s 

initial onshore or offshore location (its “source”) and was either constant (onshore = 

m0 and offshore = m1) (ADS model), or dependent on scaled solar insolation (ADSI 

model):  

ADS model: 
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ADSI model: 
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Note that in the ADS and ADSI models, mortality rate is an intrinsic property of each 

particle, and tracks individual particles in a Lagrangian manner.

Two-Parameter Mortality Models: cross-shore mortality gradient

In all cross-shore gradient-dependent mortality models the mortality function 

M was determined either by the cross-shore location of the particle (ADG), or by the 
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cross-shore location of the particle and scaled solar insolation (ADGI).  The cross-

shore dependence of M was similar to the horizontal diffusion function used in all 

models (equation 1):

ADG model: 
















 







 

scaley
yymm

+m =M 010
1 tanh1

2
(8)

ADGI model: 


































 







 

maxscale I
tI

y
yymm

+m=M )(tanh1
2

010
1  (9)

where m0 is surfzone mortality, m1 is offshore mortality, y0 is the offshore edge of the 

surfzone, and yscale determines the cross-shore scale of the surfzone/offshore transition. 

Values for y0 and yscale were 50 m and 5 m, respectively, the same values used to 

parameterize diffusivity (equation 1).  Note that in the ADG and ADGI models, 

mortality is not an intrinsic property of a given particle (as in the ADS and ADSI 

models).  Instead, particles move through stationary cross-shore mortality gradients 

and take on different mortality rates based on their cross-shore location within those 

gradients. 

Results and Discussion:

Spatial Patterns in Enterococcus Species Distribution: 

All presumptive Enterococcus isolates were found to come from one of nine 

different groups.  Five of these groups were common fecal (E. faecalis, E. faecium, E. 
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hirae) and plant-associated (E. casseliflavus, E. mundtii) Enterococcus species, and 

one group contained rare Enterococcus biotypes (“other” Enterococcus).  Three 

additional non-enterococcal groups were also isolated.  These organisms grow and 

produce enterococcus-like reactions on mEI agar (blue halo) but are not Enterococcus. 

These organisms were Streptococcus bovis, found in ruminant guts, Aerococcus 

viridans, and a group of unidentified non-enterococcal organisms collectively called 

the “not Enterococcus” group.  During HB06, E. casseliflavus (~32%) was the 

dominant Enterococcus species observed, while E. faecalis (~22%) and E. faecium 

(~15%) were also common (SI Fig. 3.2).  The dominance of E. casseliflavus during 

HB06 is notable, as E. casseliflavus is a plant- rather than fecal-associated species.  Its 

dominance in the surfzone at Huntington Beach, and other nearby beaches (Ferguson 

et al., 2005, Moore et al., 2008), suggests that the use of total Enterococcus counts 

without subsequent species identification may lead to spurious identification of 

surfzone fecal pollution.

Statistically significant differences were observed in the Enterococcus species 

composition onshore vs. offshore (Chi-square p-value < 0.01).  Onshore, E. 

casseliflavus, E. faecalis and E. faecium all occurred at high percentages (>17% each), 

while offshore, concentrations of E. faecium were only ~8%, reducing it from a major 

(onshore) to a minor (offshore) constituent.  Furthermore, the percentage of E. mundtii  

was much higher offshore than onshore (14 vs. 7 %), and E. hirae, A. viridans, rare 

Enterococcus biotypes, and nonenterococcal organisms were more prevalent offshore 

(Fig. 3.1).  The differences in Enterococcus species composition across shore are 

consistent with the results of the hindcast model (Rippy et al., submitted ms., their Fig. 
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2.3), which identified two sources of Enterococcus (a northern onshore source and a 

southern offshore source) at Huntington Beach.  These results also lend credence to 

the source-specific mortality formulations in the ADS and ADSI models, which 

parameterize the mortality of onshore and offshore FIB differently based on the 

assumption that different FIB sources can have different exposure histories or species 

compositions, and thus different mortality rates (Sinton et al., 2002).

Solar Insolation vs. Decay: 

October 16th, 2006, was partially cloudy with maximum solar insolation levels 

of 445 J m-2s-1 measured at 13:00 (SI Fig. 3.1).  No significant relationship was 

detected between solar insolation dose (J m-2, integrated over the 20 min sampling 

interval) and E. coli decay rate at any station over the study period.  Measured 

Enterococcus decay rates, however, increased significantly with solar insolation dose, 

but only at offshore stations (50-150 m offshore) (Fig. 3.2).  

The general lack of correlation between solar insolation dose and FIB decay 

(especially for E. coli) was unexpected, as prior research has indicated a clear 

relationship between sunlight and FIB mortality in seawater (Boehm et al., 2005; 

Sinton et al., 2002; Troussellier et al., 1998).  It is possible, however, that solar 

insolation did contribute to FIB decay at Huntington Beach, and that detection of this 

effect was obscured by the contribution of physical dilution (via advection and 

diffusion) to decay (Rippy et al., submitted ms.).

The significant correlation found between solar insolation dose and FIB decay 

for offshore enterococci (Fig. 3.2) supports the role of solar insolation in regulating 
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Enterococcus mortality seaward of the surfzone.  This finding motivates testing 

insolation-dependent mortality models for this FIB group, particularly those that allow 

the relationship between solar insolation dose and FIB decay to vary across shore 

(ADSI and ADGI models).

Mortality Models: Best-Fit Parameter Values

All mortality models were sensitive to the selection of mortality parameters: m 

for the one-parameter models (ADC & ADI) and m0 and m1 (surfzone and offshore 

mortality) for the two-parameter models (ADS, ADSI, ADG & ADGI) (SI Figs. 3.3-

3.6).  For all two-parameter mortality models, skill was more sensitive to changes in 

the offshore mortality parameter than the surfzone mortality parameter (SI Fig. 3.5; SI 

Fig. 3.6).  This indicates that mortality may be a dominant processes contributing to 

FIB decay offshore, where the influences of advection and diffusion are weaker 

(Rippy et al., submitted ms).  

Mortality parameters for Enterococcus were larger overall than those for E. 

coli for every model (Table 3.1).  This is consistent with the slower overall decay 

observed for E. coli during the HB06 study (Rippy et al., submitted ms).  For the ADS, 

ADSI, ADG, and ADGI models, the offshore mortality parameter (m1) was always 

higher than the surfzone mortality parameter (m0) for both FIB groups (Table 3.1), 

indicating that cross-shore variable FIB mortality is needed to accurately reproduce 

observed FIB concentrations.

Best-fit mortality values for E. coli (all models) corresponded roughly to 

values reported for E. coli mortality in seawater (1.3 x 10-6 – 8.1 x 10-4 s-1) (Sinton et 
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al., 2007; Troussellier et al., 1998) (Table 3.1).  For all two-parameter E. coli models, 

offshore mortality rates were at the lower edge of reported mortality rate ranges, and 

surfzone mortality rates were at the upper edge (Sinton et al., 2007; Troussellier et al., 

1998) (Table 3.1).  Best-fit mortality values for Enterococcus (ADC, ADI, ADS & 

ADG) also corresponded roughly to reported Enterococcus mortality rates (4.4 x 10-5 - 

4.7 x 10-4 s-1) (Boehm et al., 2005) (Table 3.1).  Notably, maximum offshore 

Enterococcus mortality values for the ADSI and ADGI models (range: 7.6 x 10-5  - 2 x 

10-3) exceeded reported rates (Boehm et al., 2005) (Table 3.1).  

Best-Fit Model-Data Comparisons: Physical and Physical-Mortality models 

compared 

The mortality models performed better than the AD model in reproducing FIB 

concentrations during HB06.  The superior performance of the mortality models is 

most notable at offshore stations F5 and F7, where AD modeled FIB concentrations 

were too high (Fig. 3.3; Fig. 3.4).  Including mortality significantly improved model 

skill at these offshore stations, with skill estimates increasing from < 0.05 (AD model) 

to > 0.37 (Mortality models) for both FIB groups (Fig. 3.5).  Model skill also 

improved at surfzone stations, but these improvements were smaller in magnitude 

(Fig. 3.5).  This underscores the importance of mortality as a factor contributing to 

FIB decay in offshore waters. 

Best-Fit Model-Data Comparisons: FIB Mortality Mechanisms 

Although all forms of mortality improved model predictions, FIB 
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concentrations (Fig. 3.3; Fig. 3.4) and station-specific decay rates (Fig. 3.6) were most 

accurately reproduced by mortality functions with cross-shore dependence – either 

onshore/offshore sources (ADS, ADSI) or a persistent cross-shore mortality gradient 

(ADG, ADGI).  This finding is consistent with the Enterococcus speciation and solar 

insolation dose results discussed above, which revealed differences in onshore vs. 

offshore Enterococcus species composition and response to solar insolation dose (Fig. 

3.1; Fig. 3.2).  

It is notable, given the emphasis on solar-induced mortality in FIB literature 

(Boehm et al., 2005; Sinton et al., 2002; Troussellier et al., 1998), that mortality 

functions with cross-shore variability in mortality rates had higher skill than those 

including only time-dependent solar mortality.  This is not to say that coastal FIB 

decay is not a function of solar insolation dose; the insolation-dependent ADGI and 

ADSI models performed extremely well for both E. coli and Enterococcus (Fig. 3.5; 

Fig. 3.6).  ADI performance, however, was significantly worse than either ADG or 

ADS, suggesting that the importance of time-dependent solar dose was secondary to 

the importance of cross-shore variability of mortality (Fig. 3.5; Fig. 3.6).  

No best-fit mortality model was identified for Enterococcus – all models with 

cross-shore variable FIB mortality (ADS, ADSI, ADG, and ADGI) had similar skill 

and predicted Enterococcus decay rates accurately (p< 0.05) at the same number of 

sampling stations (6 of 7) (Fig. 3.5; Fig. 3.6).  For E. coli, cross-shore variable 

mortality models also had similar skill (Fig. 3.5).  That said, the ADGI model 

(including both cross-shore variable and solar-induced mortality) performed slightly 

better than the other three, reproducing E. coli decay rates accurately (p< 0.05) at the 
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greatest number of sampling stations (6 of 7) (Fig. 3.6).

The superior performance of cross-shore variable mortality models for both 

FIB groups at Huntington Beach highlights the need for further research regarding the 

spatial variability of FIB mortality in nearshore systems.  Our data were insufficient to 

distinguish among the various cross-shore variable FIB mortality hypotheses we 

explored, and thus the mechanisms underlying this variability remain unknown. 

Given the superior performance of the ADGI model for E. coli, however, special 

attention should be paid to processes that cause cross-shore gradients of insolation, 

such as turbidity.  Field-based microcosm experiments could be useful in this regard.  

Based on the exponential FIB decay observed during our study our models 

focused on extra-enteric FIB mortality.  FIB, however, have been reported to grow 

and/or undergo inactivation/repair cycles in aquatic systems (Boehm et al., 2009; 

Surbeck et al., 2010).  For this reason our estimated mortality rates are better 

interpreted as net rates, including some unknown combination of mortality, 

inactivation, and growth.  E. coli, for example, has been shown to exhibit elevated 

growth rates in highly turbulent flows (Al-Homoud and Hondzo, 2008).  Thus one 

interpretation of our cross-shore variable net mortality rates for E. coli (low in the 

surfzone and higher offshore) could be a relatively constant baseline mortality rate 

with some level of additional growth (lower net mortality) in the surfzone.  Similarly, 

it is possible that some portion of the FIB loss we attribute to mortality (surfzone or 

offshore) is instead inactivation due to photodamage, and that some of these damaged 

FIB could undergo repair and recover.  This would make actual FIB mortality rates 

lower than those estimated from our models (Boehm et al., 2009).  More extensive 
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experiments, monitoring a broader range of biological parameters, are required to 

piece together the processes contributing to the patterns in net FIB mortality revealed 

by our Huntington Beach FIB models.

Although observed FIB decay has often been attributed to mortality alone, and 

can likewise be attributed to physical processes alone (e.g., the AD model), we have 

shown the importance of including both mortality and advection/diffusion in models 

predicting nearshore FIB concentrations.  Furthermore, our study shows the 

importance of understanding the functional form of mortality, emphasizing that 

mortality can vary in both space and time.  Because of this, accurate predictive FIB 

models are likely to be location-specific, with mortality functions reflecting dominant 

local FIB sources and/or spatial gradients in bacterial stressors.  Our success at 

modeling short-term changes in FIB concentrations at Huntington Beach is 

encouraging, and further study (more extensive data sets, spanning longer time periods 

and spatial extents) is warranted to explore the effectiveness of individual based 

models for long-term FIB prediction.
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Figure 3.1: Species composition of onshore (SAR, TM, FHM, and F1) vs. offshore 
(F5 and F7) HB06 Enterococcus isolates. Note that the percentage of E. faecium 
exceeds that of E. mundtii at onshore, but not offshore, stations. 
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Figure 3.2: E. coli and Enterococcus decay rate vs. solar insolation dose averaged 
over shoreline (black) and offshore (red) locations. The lines are best-fit slopes. The 
regression skill (R2 = 0.22) is significant (p < 0.05) for offshore Enterococcus, but not 
for E. coli or shoreline Enterococcus. 
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Figure 3.3: Contour plots of E. coli data, and best-fit model outputs as a function of 
cross-shore distance (m), alongshore distance (m), and time (hours). On the 
alongshore axis, the northernmost station (F1) is located at 0 m, with negative values 
indicating stations to the south. Color bar units are in natural log Most Probable 
Number (MPN) for E. coli data, and natural log of particle concentration for the 
mortality models. Note the over retention of E. coli particles at offshore stations with 
the AD, ADC, and ADI models. 
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Figure 3.4: Contour plots of Enterococcus data. Axes are the same as figure 3. Color 
bar units are in natural log Colony Forming Units (CFU) for Enterococcus data, and 
natural log of particle concentration for the mortality models. Note the over retention 
of Enterococcus particles at offshore stations with the AD, ADC, and ADI models.
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Figure 3.5: Station-specific and total skill for best-fit E.coli (A) and Enterococcus 
(B) models, where total skill refers to a bulk estimate calculated across all sampling 
stations. All mortality models improve model skill relative to the AD model at each 
sampling station, for both FIB groups. Model skill is highest for the models allowing 
for cross-shore variable FIB mortality (ADS, ADG, ADSI, and ADGI).
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Figure 3.6: Decay rate differences (model – data) at each sampling station, for each 
best-fit model: (A) E. coli and (B) Enterococcus.  An asterisk indicates decay rate 
differences that are not significantly different from zero (p < 0.05). 
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Appendix 3.1: Supplementary Figures

SI Figure 3.1: Solar insolation (y-axis) verses time (x-axis) measured on October 
16th, 2006, at Huntington Beach, CA. 
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SI Figure 3.2: Pie chart of Enterococcus species composition. Chart is a composite 
of water samples from all stations. 242 colonies were examined in total. Note the 
dominance of the plant associated E. casseliflavus alongside the high percentages of 
E. faecalis and E. faecium.
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SI Figure 3.3: Sensitivity analysis for one-parameter E. coli mortality models: (A) 
the ADC model (constant mortality) and (B) the ADI model (mortality is temporally 
dependent on the magnitude of solar insolation). Mortality parameter value (s-1) is on 
the x-axis and model skill for both alongshore (blue) and cross-shore (red) stations is 
on the y-axis. The best-fit mortality parameter for each model is identified by a 
dashed black line. 
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SI Figure 3.4: Same as SI figure 3, but for one-parameter Enterococcus mortality 
models. 
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SI Figure 3.5: Sensitivity analysis for two-parameter E. coli mortality models. The x-
axis is m0, the surfzone mortality parameter (s-1) and the y-axis is m0, the offshore 
mortality parameter (s-1). Color is the model skill (see equation 2) evaluated at 
alongshore stations (A, C, E and G), or cross-shore stations (B, D, F, and H), 
respectively. The best-fit parameter pair for each mortality model is marked by a 
black box. Note that the surfzone mortality parameter is not well constrained for any 
of the two- parameter mortality models, while the offshore mortality parameter is 
highly constrained. 
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SI Figure 3.6: Same as SI figure 5, but for two-parameter Enterococcus mortality 
models.



CHAPTER 4.

THE EFFECTS OF THE BLOOM FORMING DINOFLAGELLATE 

LINGULODINIUM POLYEDRUM ON THE MORTALITY OF ENTEROCOCCUS 

FAECIUM IN SEAWATER: MORTALITY RATES, WATER QUALITY IMPACTS, 

AND MONITORING IMPLICATIONS

Abstract 

Phytoplankton blooms have been shown to impact the growth, mortality, and 

nutrient uptake kinetics of natural bacterial assemblages.  The effects of phytoplankton 

on allochthonous bacterial pollutants and fecal indicators, however, are not well 

understood.  This study evaluates the impacts of bloom concentrations of the 

dinoflagellate Lingulodinium polyedrum on the survivorship of the fecal indicator 

Enterococcus faecium.  Seawater microcosm experiments indicate that L. polyedrum 

can halve Enterococcus mortality rates in the absence of solar radiation.  Observed 

Enterococcus decay was significantly biphasic, and poorly described by a simple 

exponential model. When evaluated in a physical context (using an individual based 

model including alongshore advection and horizontal diffusion), the enhanced FIB 

survivorship conferred by phytoplankton was shown to increase the spatial extent and 

intensity of a simulated FIB plume: early morning FIB concentrations were ~21% 

higher in models where FIB mortality was a function of phytoplankton concentration. 

This study also evaluated the utility of direct correlation analyses for detecting 

modeled relationships between phytoplankton and tidally-released FIB using two 

possible field sampling regimens (once-per-day and once-per-tide).  Modeled 
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relationships between FIB and phytoplankton were inaccurately classified 25 – 67% of 

the time using once-per-day sampling methods.  A tidal sampling scheme was found to 

increase our ability to detect modeled relationships, although classification was still 

inaccurate 0-42% of the time.

 

Introduction

The growth and mortality of fecal indicator bacteria (FIB) in the surfzone are 

functions of complex environmental forcings.  To date, research regarding FIB 

survivorship has been dominated by studies of physical factors such as solar radiation, 

temperature, pH, and salinity (Curtis et al., 1992; Solic and Krustulovick., 2002; 

Sinton et al., 2002; Ki et al., 2007; Boehm et al., 2009).  Less attention has been paid 

to the effects of nearshore biotic assemblages on indicator bacteria, with the majority 

of work focusing on protistan grazing (Gonzalez et al., 1990; Hartke et al., 2002; 

Boehm et al., 2005; Surbeck et al., 2010).  Because phytoplankton form dense, patchy 

blooms that periodically dominate surfzone marine communities where indicator 

bacteria are monitored, they may occasionally have a disproportionate effect on the 

coastal ecology of FIB (Billen and Fontigny, 1987; Hsieh et al., 2007).  The Southern 

California bloom-forming dinoflagellate Lingulodinium polyedrum, can form 

particularly dense blooms in nearshore waters, with concentrations exceeding 106 cells 

L-1 (Kudela and Cochlan, 2000).  Blooms of this organism have been observed at 

beaches with chronically poor bacteriological water quality (like Huntington Beach), 

making L. polyedrum an ideal candidate for exploring the effects of marine 

phytoplankton on the survivorship of fecal indicators (Omand et al., 2011). 
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Fecal indicator bacteria are sensitive to levels of environmental oxygen, light, 

toxins, dissolved organic matter (DOM), and pH, all factors regulated by 

phytoplankton (Curtis et al., 1992; Myklestad, 1995; Ogino et al., 1997; Davies-Colley 

et al., 1999; Mourino-Perez et al., 2003; Jeong et al., 2004).  High concentrations of 

FIB have been observed associated with benthic Chladophera mats, suggesting that 

algal matter may facilitate FIB accumulation and/or growth in lake environments 

(Whitman et al., 2003; Byappanahalli et al., 2003).  In drinking water distribution 

systems fecal coliform levels have been observed to spike during the final stages of 

phytoplankton blooms, implying that planktonic algae may enhance FIB 

concentrations in a comparable fashion to algal mats (Lake et al., 2001).  

Phytoplankton, however, may have inhibitory as well as facilitative effects on 

FIB.  Microcosm  experiments have shown that E. coli mortality is enhanced in the 

presence of the green algae Chlorella (Davis and Gloyna, 1970).  This morality is 

presumed to be caused by the production of the toxin chlorellin, though this has not 

been confirmed (Davis and Gloyna, 1970).  In addition, phytoplankton leakage or lysis 

can release photosensitive humic material into the environment, which can react with 

sunlight and oxygen to form reactive oxygen species (ROS) (Anesio et al., 2005; Clark 

et al., 2008).  These ROS may be important contributors to FIB oxidative stress, and 

thus mortality, in marine and freshwater systems (Davies-Colley et al., 1999; Muela et 

al., 2002; Clark et al., 2008; Clark et al., 2010). 

Here we address the role of phytoplankton in regulating concentrations of FIB 

in seawater, thereby narrowing an important ecological gap in our understanding of 

FIB survivorship.  Despite the presence of a comprehensive literature linking 
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phytoplankton exudates (including nutrients (Lignell, 1990; Baines and Pace, 1991; 

Moruino-Perez et al., 2003), ROS (Kim et al., 1999; Muela et al., 2002) and 

antimicrobial compounds (Casamatta and Wickstrom, 2000)) to growth or mortality of 

bacteria, the idea that phytoplankton might affect FIB survivorship has been met with 

severe criticism by funding agencies.  The following are select quotations from 

reviewers regarding a FIB-phytoplankton interactions proposal submitted to the 

Coastal Environmental Quality Initiative Program in 2008;

“Phytoplankton are not likely to have significant effect on FIB”

“Interesting problem, not sure whether this actually would have an application in the 

  future.” 

“There is no observation along Huntington Beach showing the link between   

  phytoplankton and FIB”  

The manuscript below responds directly to these comments and will show 1) that the 

bloom-forming dinoflagellate Lingulodinium polyedrum can increase the survivorship 

of Enterococcus in seawater, 2) that this increased survivorship has the potential to 

increase both the spatial and temporal footprint of a FIB pulse at Huntington Beach, 

and 3) that the lack of direct correlation between phytoplankton and FIB at Huntington 

Beach (or other beaches) should not be taken to imply a lack of biotic effect.  We show 

that it is difficult in practice to detect correlations between phytoplankton and FIB in 
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marine systems using a typical 1-per-day sampling regimen, given the complex source 

dynamics of fecal indicators.

Methods

FIB-Phytoplankton Microcosm Experiments:

Batch Cultures:

 Microcosm experiments were used to evaluate the effects of the bloom-

forming dinoflagellate Lingulodinium polyedrum on rates of FIB growth or mortality 

in seawater.  The axenic strain of L. polyedrum CCMP 1932 was used for all 

experiments.  Batch cultures were grown in  f/4 medium with 4X vitamin stock 

(Guillard, 1975), at 16°C.  Cultures were grown on a 12:12 light:dark cycle using 

cool-white fluorescent tubes (160 μmol photon m2 s-1).   Algal growth was monitored 

via direct cell counts using triplicate 1 ml aliquots in a Sedgewick-Rafter chamber. 

Cultures were ready for use when bloom conditions (cell concentrations of ~103 ml-1) 

were reached.

The fecal indicator chosen for our microcosm experiments was Enterococcus 

faecium (ATCC strain 19434).  Enterococcus is the preferred indicator of fecal 

pollution in marine waters (EPA, 2000), and E. faecium is one of the dominant 

Enterococcus species isolated from human feces (Sinton et al., 1993).  E. faecium was 

cultured from frozen stock in brain heart infusion broth (BHIB).  Initial cultures were 

grown at 35°C in a shaking water bath for 24 hours, and then subcultured (10μl 

aliquots) into cuvettes containing 3 ml of fresh BHIB.  These new cultures were 

incubated (as described above), and their optical density (OD) was monitored every 20 
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minutes using a LKB ultrospec 2 (600 nm wavelength).  When an OD of ~ 0.345 was 

reached cells were harvested via centrifugation, washed three times in 0.2 um filtered 

seawater, and resuspended in 27 ml of f/4 media with 4X vitamin stock (the same 

media used for our phytoplankton cultures).  At OD 0.345, cultures were consistently 

in exponential phase.  

Microcosm Design:

 Microcosm experiments were performed in 150 ml Pyrex flasks, in the dark, at 

16°C.  Seventy microcosms were prepared, 35 of which contained 50 ml of cultured L.  

polyedrum (103 ml-1) (LP treatment).  The remaining 35 contained 50 ml of sterile f/4 

media and no phytoplankton (NP treatment).  Twenty-seven flasks from each 

treatment (LP and NP) were inoculated with 1ul aliquots of the Enterococcus 

suspensions described above.  The remainder were left as nonenterococcal controls. 

Replicate flasks (2-5 per treatment) and controls (1 per treatment) were removed at 0, 

3, 6, 9, 12, 24, 48, and 72 hours, respectively, for enumeration of L. polyedrum and E. 

faecium.  For phytoplankton enumeration 5 ml aliquots were fixed in buffered 

formalin (final concentration of 2% by volume) and counted using a Sedgewick-Rafter 

chamber (as above).   For Enterococcus, 10 ml aliquots were pipetted into 90 ml of 

Milli-Q water (Millipore), and enumerated using the defined substrate test Enterolert 

(IDEXX Laboratories, Inc.).  

Model Evaluation: the effects of phytoplankton on a surfzone pollutant patch

Model Structure:
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To evaluate the potential impacts of phytoplankton on the extent and intensity 

of surfzone bacterial contamination, model simulations were performed using a 

modified version of the 2D individual based FIB model (AD model) described in 

(Rippy et al., submitted ms 1).  The model was developed for Huntington Beach, 

California, and includes both alongshore advection, u(y,t) and horizontal diffusion (kh). 

Advection was forced using 20 minute averaged alongshore velocities from a cross-

shore transect of Acoustic Doppler Velocimeters (ADV's).  These measurements were 

collected as part of an intensive physical-biological field program at Huntington Beach 

in 2006 (HB06). 

Diffusion of FIB was dependent on their cross-shore location,  
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where k0 is the background (offshore) diffusivity, k1 is the elevated surfzone 

diffusivity, y0 is the cross-shore midpoint of the transition between k0 and k1  (i.e., the 

offshore edge of the surfzone) and yscale determines the width of this transition in the 

cross-shore.  The k0, k1, y0, and yscale values used here are those that provided the best 

fit to FIB data collected at Huntington Beach in 2006: 0.05 m2 s-1, 0.5 m2 s-1, 50 m and 

5 m, respectively (Rippy et al., submitted ms. 1).

To evaluate the effects of phytoplankton on surfzone FIB concentrations, the 

AD model was modified to include FIB mortality.  The mortality function was 

designed based on the results of the FIB-phytoplankton microcosm experiments 
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discussed above.  Mortality was biphasic and evaluated separately for resistant (R) and 

sensitive (S) FIB fractions,

RR
R Ck

dt
dC

 (2.1)

  
 

 







Absent areton Phytoplank

Present areton Phytoplank

 

  

NPR

LPR

R

k

k
k (2.2)

ss
s Ck

dt
dC

 (2.3)

  
 

 







Absent areton Phytoplank

Present areton Phytoplank

 

  

NPs

LPs

s

k

k
k (2.4)

  sRtot CaaCC  1 (2.5)

where Ctot 
 is the total FIB concentration, CR is the concentration of resistant FIB, CS is 

the concentration of sensitive FIB, t is time, a is the fraction of FIB that are resistant, 

kR is the mortality rate of the resistant fraction, and ks is the mortality rate of the 

sensitive fraction.  The response to phytoplankton is binary: when phytoplankton are 

present FIB mortality rates are kR(LP) and ks(LP); when phytoplankton are absent the 

mortality rates are kR(NP) and ks(NP).  
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Model Initialization:

All model runs were performed from 1850 on 9/15/06 until 0650 on 9/16/06. 

This time window was selected because it is close to the time frame of the original 

model (Rippy et al., submitted ms 1), and because it falls between two high tides, 

during dark conditions.  A night-time window was optimal because our decay rate 

parameterizations come from microcosm experiments performed in the dark. 

Initiating the model with FIB on a high tide confers realism to the simulations because 

high tide is often associated with FIB release via over beach transport (Grant et al., 

2001; Whitman et al., 2003; Zhu et al., 2011).

Simulations were initialized with 80,000 bacterial particles containing a 

concentration of FIB Ctot.  Particles were released in a uniform grid extending 160 m 

offshore, and from 1.5 – 2 km north of the Santa Ana River in the alongshore.  Our 

across-shore patch boundary was taken directly from Rippy et al., (submitted ms 1-2). 

The alongshore boundary was selected based on the predominantly southward 

surfzone currents during our time window (Rippy et al., submitted ms 1; their Fig. 2). 

Placing our initial patch to the north allowed us to evaluate the spatial extent and 

intensity of the resultant southward pollutant plume under three different scenarios: no 

FIB mortality (AD model), FIB mortality in the absence of phytoplankton (AD_NP 

model), and FIB mortality in the presence of phytoplankton (AD_LP model).

 

Direct Correlations: Detecting FIB-phytoplankton interactions in marine systems

In many instances, data from state or county water quality monitoring 

programs constitute our longest continuous FIB timeseries (Boehm et al., 2002). 
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These programs typically collect water samples once per day (or less).  In order to 

determine if low frequency timeseries data from these programs could be used to 

identify relationships between phytoplankton and FIB in coastal waters, we first 

simulated FIB timeseries using simple time-dependent models forced with Huntington 

Beach field data (chlorophyll a (Chla) and water depth).  In these models FIB 

concentration was a function of source dynamics (tidal) and biphasic mortality 

(parameterized using data from our seawater microcosms).  No physical transports 

were included.  Four different mortality forms were evaluated: mortality as a function 

of phytoplankton concentration (LP), mortality independent of phytoplankton 

concentration (NP), mortality as a function of phytoplankton concentration and solar 

radiation (LP + L), and mortality as a function of solar radiation but independent of 

phytoplankton concentration (NP + L).  It was assumed that the relationship between 

FIB and the Huntington Beach phytoplankton community (given as Chla) would be 

the same as measured for Enterococcus and L. polyedrum in our microcosm 

experiments. 

FIB timeseries (generated using the models above) and Huntington Beach Chla 

data were subsampled once per day to mimic the sampling frequency of water quality 

monitoring programs.  FIB-Chla correlations were calculated for each model and 

evaluated to determine if modeled relationships between FIB and phytoplankton could 

be accurately recovered (e.g. significant positive correlations between Chla and FIB 

for LP or LP + L models and non-significant correlations between Chla and FIB for 

NP or NP + L models).   All timeseries were also subsampled according to tide height 

(ie once per tide).  This allowed us to assess whether or not a sampling regimen 
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tracking FIB source dynamics (FIB release in all models was tidally forced) improved 

our ability to accurately detect modeled relationships between FIB and phytoplankton. 

The field data used in these analyses, the structure of the FIB models themselves, and 

the statistical assessment of our FIB-Chla correlations are all described in more detail 

below. 

Field Data:

All field data used for our model simulations was collected from 9/16 - 

10/16/06 as part of the HB06 field program mentioned above (described in more detail 

in Rippy et al., submitted ms 1).  Water depth (a proxy for tide height) was measured 

using a pressure sensor located in ~ 4 m water depth.  This data was used to force tidal 

release of FIB: a single 20 MPN / 100 ml FIB pulse was released on every high tide 

(Fig. 4.1a).

Chla concentration (a proxy for phytoplankton) was measured using two WET 

Lab ECO Triplet fluorometers, one at ~ 14 m water depth and one mounted on a 

wirewalker (Omand et al., 2011).  Only the bottom 2 m of data from this latter 

instrument were used.  The two datasets were merged and daily averaged Chl a 

concentrations were calculated (Omand et al., 2011).  The average Chla concentration 

over all sampling days was also determined, and to define a bloom threshold (1.8 µM 

Chla) (Fig 4.1b).  This threshold resulted in 2 discrete bloom events (denoted bloom 1 

and bloom 2), and one other small event that will not be discussed here.  The first 

bloom was longer than the second bloom, lasting for a total of 6 days instead of 2 (Fig 

4.1b).  During both events FIB mortality was considered “affected” by phytoplankton 
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(equations 2.1-2.7 (LP) and 3.1-3.7 (LP + L)).  All chlorophyll data was courtesy of 

Melissa Omand.  

FIB Timeseries Simulations:

FIB mortality for the phytoplankton dependent (LP) scenario was governed by 

equations 2.1-2.5, with the binary phytoplankton response terms in 2.2 and 2.4 

changed from presence/absence to above/below the HB06 bloom threshold.  FIB 

mortality for the phytoplankton-independent (NP) scenario excluded the binary 

response terms in 2.2 and 2.4: kR (2.1) was always kR(NP) and ks (2.1) was always ks(NP). 

For the model scenarios including solar radiation (LP + L and NP + L), 

mortality was modeled as:

RR
R CM

dt
dC
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where Ctot 
 is the total FIB concentration, CR is the concentration of resistant FIB, CS is 

the concentration of sensitive FIB, t is time, a is the fraction of FIB that are resistant, 

MR is the bulk mortality rate of the resistant fraction, and Ms is the bulk mortality rate 

of the sensitive fraction.  Bulk mortality rates contain mortality terms that can be 

influenced by phytoplankton concentration (ks and kR) and a solar dependent mortality 

term (mI(t)).  Here, I is solar radiation in MJ m-2 h-1.  I(t) was modeled using a sine 

wave with an amplitude corresponding to the maximum solar radiation value 

measured at Huntington Beach on 10/16/06 (16.2 MJ m-2 h-1, Rippy et al., submitted 

ms. 2).  The sine wave period was 24 hours, corresponding to a 12 hour light-dark 

cycle.  Sunrise was set at 0650.  The parameter m  (0.22 m2 MJ-1) was selected from 

literature, giving a maximum solar mortality rate of ~ 0.001 s-1 (Sinton et al., 1999; 

Sinton et al., 2002).

The binary phytoplankton response terms (3.3 and 3.6) were only included for 

the LP + L model scenario.  In the NP + L simulations, these terms were excluded: kR 

(3.2) was always kR(NP) and ks (3.5) was always ks(NP).  

It is important to point out that our LP + L model assumes that the response of 

FIB to phytoplankton in sunlight is the same as the response in dark conditions.  This 
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may not be true in practice, but, due to a lack of data supporting alternate relationship 

forms, we have chosen to model it as such here.   

FIB – Chlorophyll Correlation Coefficients:

All correlations were evaluated using a Spearman's rank correlation test, which 

requires no assumptions of data normality.  Bias corrected 95% confidence intervals 

for these correlations were determined using bootstrap methods: data were sampled 

with replacement 10,000 times, and Spearman's correlation coefficients (Rho) were 

estimated for each new data set.  When Rho = 0 was  within our 95% confidence 

intervals, FIB and phytoplankton were not significantly correlated.  When Rho = 0 

was below (above) our confidence intervals, FIB-phytoplankton correlations were 

significant and positive (negative). 

Results and Discussion

Microcosm Experiments:

Biphasic decay:

Concentrations of Enterococcus faecium were observed to decrease over time 

in all inoculated seawater microcosms (Fig. 4.2).  Enterococcus was never detected in 

control microcosms.  Mortality was biphasic, with initial mortality rates exceeding 

those at the end of the experiment (Fig. 4.2).  This pattern was well described by the 

modification of Chick's law proposed by Frost and Streeter (1924)
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where C0 is initial Enterococcus concentration, t is time, a is the fraction of 

Enterococcus that are resistant to decay, kR is the mortality rate of the resistant fraction, 

and ks is the mortality rate of the sensitive fraction.  Biphasic mortality better 

approximated observed FIB data than simple exponential decay.  Root mean square 

error for biphasic models was ~20% less than for exponential models (565.2 vs. 701 

MPN 100 ml-1 (NP); 701.2 vs. 861.8 MPN 100 ml-1 (LP)) (Table 4.1).  Furthermore, 

the corrected Akaike Information Criterion (AICc) for our biphasic models was ~ 10 

IC units lower than for our exponential models, suggesting that biphasic decay 

significantly improves goodness of fit.  (Note that this difference in AICc scores can 

be interpreted in terms of relative model likelihood.  In this framework our reported 

∆AICc of 10 corresponds a ratio of biphasic model probability to exponential model 

probability (Akaike weight ratio) of 0.9964 : 0.0036.  This indicates that a biphasic 

model is 278 times more likely to explain observed mortality than an exponential 

model; Burnham and Anderson, 2002) (Table 4.1).  

To our knowledge this is the first time that biphasic decay has been shown to 

significantly improve our ability to model Enterococcus mortality in dark seawater 

treatments.  Yamahara et al., (2012), Bae and Wuertz (2012), and Maraccini et al., 

(2012) all found that simple exponential decay was sufficient to depict Enterococcus 

mortality in both sand and seawater.  Jeanneau et al., (2012), however, found that 

biphasic bacterial decay improved fits for Enterococcus (seawater and freshwater), E. 
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coli (freshwater), and Bifidobacterium adolescentis (freshwater), but these 

improvements were not significant.  Similarly, Easton et al., (2005) observed biphasic 

decay for Enterococcus, E. coli, and total coliform bacteria, but only fits for E. coli 

and total coliforms were significant.  Our results suggest that bacterial decay can be 

significantly biphasic for at least one species of Enterococcus.  This has important 

water-quality implications because under biphasic decay FIB mortality rate decreases 

over time, resulting in greater environmental persistence than would be expected 

under simple exponential decay.  

To date, several mechanisms for biphasic bacterial decay have been put 

forward:  bacterial self-regulation via quorum sensing (resulting in density-dependent 

decay rates); rapid loss of culturable cells to a viable but not culturable (VBNC) state, 

followed by slow decay of the remaining population; the co occurrence of multiple 

FIB species or strains with different intrinsic mortality rates; and/or the co-occurrence 

of growing and dying subpopulations of FIB, resulting in temporally variable net 

mortality rates (Velz et al., 1984; Strauss, 1999; Easton et al., 2005; You et al., 2006; 

Hellweger et al., 2009; Rogers et al., 2011; Bucci et al., 2011).  While our microcosm 

experiments were not designed to distinguish among these mechanisms, because they 

were performed using a single strain of Enterococcus faecium, we can state that the 

biphasic mortality we observed was not caused by the presence of multiple bacterial 

strains with different intrinsic mortality rates.  To date, this study is one of only a 

handful to show biphasic decay in pure FIB cultures (Easton et al., 2005; Hellweger et 

al., 2009; Bucci et al., 2011).  Further research is required to identify the mechanisms 

underlying this response.
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Mortality of Enterococci: the effects of phytoplankton

In all microcosms with L. polyedrum, phytoplankton cell counts remained 

around 103 ml-1 for the duration of the experiment (SI Fig. 4.1).  Enterococcus 

survivorship in treatments with phytoplankton was enhanced relative to treatments 

without phytoplankton (Fig. 4.2).  This trend was not statistically significant at the p < 

0.05 level, as reflected by the slight overlap of the confidence intervals in Fig. 4.2.  It 

could, however, be environmentally significant, as mortality rates for both the 

sensitive and resistant fractions were halved in the presence of phytoplankton, with no 

overlap in the standard error bounds of rates for the sensitive fraction (Table 4.1). 

The observed increases in FIB survivorship for microcosms with 

phytoplankton relative to those without, suggests that antagonistic mechanisms, 

whereby phytoplankton negatively impact FIB, are not dominant during dark 

conditions.  This is interesting given that L. polyedrum can exhibit  mixotrophy, which 

could supplement nutritional requirements in the dark, when photosynthesis is not 

possible (Jeong et al., 2004; Jeong et al., 2005; Seong et al., 2006).  Enhanced 

Enterococcus survivorship in microcosms with L. polyedrum could be due to dissolved 

organic matter (DOM) release.  Algal exudates can contain high concentrations of 

carbohydrates, especially polysaccharides, which facilitate Enterococcus growth 

(Facklam and Collins, 1989; Myklestad, 1995).  Wolter (1982) showed that 

dinoflagellate blooms, in particular, result in high algal DOM uptake by marine 

bacteria.  In light of the enhanced enterococcal survivorship observed in our seawater 

microcosms, this mechanism should be evaluated for fecal indicator bacteria.
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It is important to point out here that, although Enterococcus mortality was 

reduced in dark microcosm treatments containing phytoplankton, the effects of 

phytoplankton on FIB mortality in light microcosm treatments remains unknown. 

Given that phytoplankton can release photosensitive organic matter that can react with 

oxygen and light to form antimicrobial compounds, it should not be assumed that the 

dominant mechanisms affecting FIB-phytoplankton interactions in the dark will be the 

same as those in the light.  Further research is required to evaluate FIB-phytoplankton 

interactions in the context of solar radiation.  

Although the tendency to describe FIB mortality using simple exponential 

decay makes it difficult to directly compare mortality rates from our experiments to 

those from others, our rate estimates were typically consistent with rates from the 

literature.  In our experiments, mortality rates in the absence of phytoplankton were 

0.33 h-1 (sensitive fraction) and 0.019 h-1 (resistant fraction), and mortality rates in the 

presence of phytoplankton were 0.17 h-1 (sensitive fraction) and 0.008 h-1 (resistant 

fraction) (Table 4.1).  With the exception of our sensitive FIB fraction in the absence 

of phytoplankton, these rates fell within the reported bounds for Enterococcus dark 

mortality in seawater (0.005 - 0.18 h-1) (Sinton et al., 1999; Sinton et al., 2002; 

Maraccini et al., 2012).  Mortality rates for the sensitive FIB fraction (no 

phytoplankton) were slightly higher.  

The effects of phytoplankton on a surfzone pollutant patch: 

In the absence of mortality, a FIB patch initiated at 1850 in the Huntington 

Beach AD model, 1.5 – 2 km north of the Santa Ana River, was still detectable in the 
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surfzone 12 hours later (0650) (Fig. 4.3a).  By 0650, FIB had been transported up to 

1.5 km south of the initial bacterial patch.  FIB concentrations in the resultant plume 

ranged from 7-122 MPN 100 ml-1, well below the release concentration (400 MPN 

100 ml-1) (Fig. 4.3a).  FIB levels exceeding the EPA 30 day geometric mean standard 

for Enterococcus (35 MPN 100 ml-1) were detectable up to 1.4 km south of the release 

location (Fig. 4.3a).  

The inclusion of biphasic mortality in the AD model (parameterized using rates 

from our microcosm experiments) changed both the extent and intensity of the FIB 

plume observed at 0650.  Biphasic mortality in the absence of phytoplankton (AD_NP 

model) caused FIB to decline well below the EPA geometric mean standard for 

Enterococcus by 0650 (Fig. 4.3b).  In this scenario, early morning waters were 

reasonably clean, and would not constitute a health risk to beach goers.  In the 

presence of phytoplankton, FIB contamination patterns more closely approximated the 

AD model.  At 0650, the geometric mean standard for Enterococcus was exceeded up 

to 740 m south of the initial FIB release, indicating poor water quality and health risk 

(Fig. 4.3c).  On average, the presence of phytoplankton increased early morning FIB 

concentrations by 21% (Fig. 4.4). 

These simulations demonstrate that the effects of phytoplankton on FIB 

contamination in marine systems can be significant, and are not masked by losses due 

to physical processes like advection and mixing.  The presence or absence of 

phytoplankton can cause FIB concentrations to exceed, or drop below health risk 

standards, over 100's of meters of beachfront.  This makes the effects of phytoplankton 

communities on nearshore FIB persistence worth exploring.  This mechanism should 
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also be evaluated for specific human pathogens because some – particularly the 

bacteria – may respond to phytoplankton in a similar manner as FIB.  Others, 

however, may not, resulting in a disconnect between indicator bacteria and human 

health risk in the nearshore that should be acknowledged.  

Detecting FIB-phytoplankton interactions using direct correlations: 

Generated FIB timeseries

When the only source of FIB loss is from biphasic dark mortality (rates 

estimated in microcosm experiments) FIB released to the surfzone at a tidal frequency 

will accumulate in the nearshore (Fig. 4.5a).  This occurs because our experimentally 

determined rates are insufficient to reduce FIB levels to zero in ~ 12 h.  When a 20 

MPN 100 ml-1 FIB pulse is released every high tide it takes ~ 5 d for FIB 

concentrations to stabilize about a mean (31 MPN 100 ml-1) (Fig 4.5a).  For this 

reason, all of our simulation experiments included a 5 d spin-up phase that was never 

included in our direct correlation analyses.  

When FIB were modeled as insensitive to phytoplankton and solar radiation 

dose (NP model), concentrations stabilized about the aforementioned mean (31 MPN 

100 ml-1), and ranged from 46  MPN 100 ml-1 (high tide) to 23 MPN 100 ml-1 (just 

prior to the subsequent high tide) (Fig 4.5a).  When FIB were modeled as sensitive to 

phytoplankton above a bloom threshold (LP model), however, FIB concentrations 

increased significantly during blooms, reaching a maximum on the last high tide of 

each bloom event (Fig 4.5a).  Maximum concentration was a function of bloom 

duration.  The FIB max during the first bloom (~ 6 d in duration) was 73 MPN 100 ml-
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1, and the FIB max during the second bloom (~2 d in duration) was 57 MPN 100 ml-1 

(Fig 4.5a).  Following bloom events FIB concentrations relaxed back to non-bloom 

levels.  Relaxation was biphasic, with FIB concentrations rebounding to within 5% of 

non-bloom levels ~6.8 and 4.9 days following termination of bloom events 1 and 2, 

respectfully (Fig 4.5a).

The inclusion of solar mortality in the NP model (NP + L) enhanced FIB loss 

during the day, decreasing the mean concentration of nearshore FIB from 31 MPN 100 

ml-1 to 12 MPN 100 ml-1 (Fig. 4.5b).  Clear diel cycling was seen, with the lowest FIB 

levels occurring just prior to high tide during the day (~2 MPN 100 ml-1).  At night, 

FIB levels prior to high tide were higher (~8 MPN 100 ml-1) (Fig. 4.5b).  When FIB 

were modeled as sensitive to both light and phytoplankton (LP + L), phytoplankton 

bloom events still led to increased FIB concentrations.  This effect, however, was 

muted.  At most, FIB concentrations during bloom events were 5 MPN 100 ml-1 higher 

in the LP + L model than the NP + L model (a 41% increase) (Fig. 4.5b).  In models 

without solar radiation, FIB concentrations during bloom events could be up to 29 

MPN 100 ml-1 higher in the LP + L model (a 94% increase)  (Fig. 4.5a).  The effects of 

blooms on FIB concentrations were also more ephemeral when FIB were solar 

sensitive, with FIB rebounding to pre-bloom levels in < 1 day for both bloom events.

Direct Correlations: 1-per-day sampling:

By sampling our Chl a and simulated FIB timeseries once per day, for each 

possible sampling hour, we generated 24 timeseries per FIB model that could be used 

to evaluate the correlation between FIB and phytoplankton.  For the NP model, FIB-
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Chl a correlations were not significant for the majority of sampling hours (67%), as 

would be expected given the lack of explicit relationship between FIB and 

phytoplankton in the formulation of the NP model (Fig. 4.6a, c).  Notably, however, 

significant relationships were observed 34% of the time, purely by chance, with a 

fairly even split between negative and positive correlations (20 and 13%, respectively) 

(Fig. 4.6c).

FIB-Chla correlations in the LP model were always positively skewed relative 

to those from the NP model.  This indicates that direct correlation analyses can detect 

the relationship between FIB and phytoplankton in the LP model, where bloom 

concentrations of phytoplankton enhance FIB persistence relative to background 

concentrations (Fig. 4.6b).  Despite this positive skew, however, FIB-Chla correlations 

were only significant for 75% of sampling hours (Fig. 4.6b).  

When solar insolation was included in models, the number of non-significant 

FIB - Chla relationships detected by direct correlation methods increased.  This was 

most notable for the LP + L model, where FIB-Chla correlations went from being 

predominantly positive to predominantly non-significant (58%) upon including solar 

mortality (Fig. 4.6c - d).  The positive skew in LP model correlations was still 

apparent, but less pronounced (Fig. 4.6b).  These findings suggest that as systems 

become increasingly complex (e.g. additional sources of mortality are present), direct 

correlation analyses performed using 1-per-day samples become less reliable for 

detecting existing relationships between FIB and phytoplankton.  It is notable that we 

see this trend even in simple models that exclude all physical transports and assume a 

single, cyclical FIB source with a constant release magnitude.  This does not bode well 
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for our ability to use data from water quality monitoring programs to detect 

relationships between FIB and marine communities in complex systems like the 

surfzone.  Below we evaluate the  ability of tidally driven sampling (once per tide) to 

improve accurate detection of FIB-phytoplankton relationships using direct correlation 

methods.

Direct Correlations: tidal sampling:

For our once per tide sampling regimen, Chla and simulated FIB timeseries 

were sampled on high tide, and every hour post high tide, for a total of 11 hours.  This 

resulted in 12 timeseries per FIB model that could be used to evaluate the correlation 

between FIB and phytoplankton.  For the NP model, 92% of correlations between FIB 

and Chla were not significant: when no relationship was modeled, none was detected 

(Fig. 4.7c).  For the LP model, FIB and Chl a were always significantly positively 

correlated, indicating that the modeled relationship between FIB and phytoplankton 

was accurately identified 100% of the time (Fig. 4.7a, c).  This suggests that tidally 

driven sampling improves our ability to detect the relationship between FIB and 

phytoplankton in the LP model relative to daily sampling (tidal: 100% accuracy vs. 

daily: 75% accuracy) (Fig. 4.6c; Fig. 4.7c).  This is not surprising, given the tidal 

forcing of modeled FIB.  

When solar mortality was included in our models, tidal sampling became less 

powerful for reliably detecting underlying relationships between phytoplankton and 

FIB.  This was likely due to the diel frequency of the solar signal.  FIB-Chla 

correlations in our LP + L model were still positive 58% of the time, however, an 
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improvement over 33% of the time using daily sampling methods (Fig. 4.6d; 4.7d). 

This suggests that a tidal sampling regime has the potential to improve our ability to 

resolve FIB extra-enteric relationships in marine systems where FIB sources and 

transports are tidally driven.  Notably, increased system complexity (especially the 

inclusion of sources or removal mechanisms that occur at different dominant 

frequencies; e.g. solar radiation or rainfall) may act to reduce the benefits of a tidal 

sampling regime relative to a diurnal one.  

It is important to note that, although tidal sampling improved our ability to 

accurately detect FIB-phytoplankton relationships via direct correlation analysis, our 

results were still incorrect up to 42% of the time (Fig. 4.7d).  This suggests that 

alternate methods are required in order to detect relationships between FIB and marine 

community constituents – like phytoplankton – with any confidence.  Increased 

sample frequency and/or spatial resolution of sampling may enhance our ability to 

detect extra-enteric FIB relationships in marine systems.  It is likely, however, that 

direct field measurements of FIB growth or mortality rates will prove necessary to 

resolve these relationships, as only rate measurements can inform us about the 

dynamics underlying changing concentrations of FIB.  

Summary and Conclusions

The results of this study show that phytoplankton can increase the survivorship 

(decrease mortality rates) of the fecal indicator Enterococcus in marine systems. 

These effects can significantly enhance the spatial extent and intensity of pollution 

events in the surfzone, but may prove difficult detect using water quality monitoring 
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data collected with a 1-per-day sampling regimen.  Enhanced FIB persistence during 

bloom conditions may explain the ear, eye, and skin infections reported by beachgoers 

who swim/surf/dive/etc in marine waters during nontoxic phytoplankton blooms. 

Horner et al. (2010), linked a clinical case of bilateral mastoiditis (severe middle ear 

infection) to high bacterial loads (fecal coliforms, Enterococcus, and Pseudomonas 

aeruginosa, among others) and a red-tide bloom in Monterey, California.  The results 

of our study provide experimental evidence that phytoplankton can enhance the 

survivorship of fecal bacteria in the manner surmised by Honner et al. (2010).  Further 

work is required to identify the mechanism underlying this relationship, and to 

evaluate the effects of phytoplankton on FIB survivorship under varying 

environmental conditions.  

In addition to the need to characterize FIB-phytoplankton relationships more 

completely, our study suggests that further evaluation of the manner in which we use 

field data to detect this sort of relationship is warranted.  When bacterial sources 

release FIB at a higher frequency than data is collected, aliasing occurs.  In our model 

simulations where FIB-Chla correlations were evaluated for tidally forced FIB 

sampled once-per-day, aliasing resulted in inaccurate classification of modeled FIB-

phytoplankton relationships 25-67% of the time.  A tidal sampling scheme increased 

our ability to detect relationships between FIB and phytoplankton, with fewer modeled 

relationships classified inaccurately (0-42%).  42% inaccuracy is still high, however, 

suggesting that alternative methods for evaluating these relationships are required.  A 

more powerful approach may involve the direct measurement of FIB mortality rates in  

situ.
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Table 4.1: A comparison of first-order exponential and biphasic decay models for 
enterococci (w & w/o phytoplankton)
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Figure 4.1: A) Observed water depth (m) and B) chlorophyll a (Chl a) concentration 
(μg L-1) at Huntington Beach, California, in fall 2006.  Time (days) is on the x-axis for 
both plots.  A yellow (day) and black (night) dashed colored line is used to depict day-
night cycles.  In A) red dots mark high tide, which was used to force FIB release 
events in our NP, LP, NP + L and LP + L models.  In B) a green dashed line indicates 
the bloom threshold used to force a binary response to phytoplankton concentration in 
our LP and LP + L models.  The bloom threshold was exceeded 3 times, although one 
was minor.  The two larger events (bloom 1 and 2) are marked with black boxes.  All 
models were run for 5 days to allow them to stabilize.  The end of this spin-up phase 
is marked by a black dashed line.
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Figure 4.2: Biphasic mortality of Enterococcus faecium in seawater microcosm 
treatments with (red) or without (black) the phytoplankter Lingulodinium polyedrum. 
Curve fits and mortality rates were estimated using the equation in the box to the 
right.  95% confidence intervals for fits are shown using dashed lines.   
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Figure 4.3:  Along and cross-shore transport of FIB particles at Huntington Beach, 
under three model scenarios: A) shows the AD (advection + diffusion) model, B) 
shows the AD_NP (advection + diffusion + no phytoplankton) model, and C) shows 
the AD_LP (advection + diffusion + L. poyedrum) model.  All plots are oriented with 
alongshore distance (m) on the long axis.  Distance is relative to the alongshore 
location of the cross-shore transect at 0 m (F1, F3, F5, F7, OM).  Negative alongshore 
values are to the south of the transect (FHM, TM, and SAR), and positive alongshore 
values are to the north of the transect.  Cross-shore distance (m) is on the short axis, 
with F1 at the shoreline and OM ~ 300 m offshore.  Time (h) is on the vertical axis, 
increasing upwards.  The colorbar is natural log of FIB particle concentration (ln 
MPN 100 ml-1).  In all models FIB particles were released at 1850 (high tide), 
between 500 and 1000 m in the alongshore.  Black dots mark the along and cross-
shore progression of the 35 MPN 100 ml-1 EPA geometric mean standard for 
Enterococcus.
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Figure 4.4: Plot of percent difference in particle retention between the AD_LP model 
(with phytoplankton) and the AD_NP model (without phytoplankton).  Plot orientation 
is the same as in Fig. 4.3.  The colorbar is percent model difference.  This statistic is 
calculated by taking the difference between particle concentration in the AD_LP and 
AD_NP models, and normalizing by the AD_LP model.  At 0650, the average percent 
increase in FIB particle retention for the AD_LP model was 21% (black line on 
colorbar).
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Figure 4.5: Timeseries of modeled Enterococcus and Huntington Beach chlorophyll 
a concentrations.  For both plots time (days) is on the x-axis, chlorophyll a 
concentration (μg L-1) is on the right y-axis, and Enterococcus concentration (MPN 
100 ml-1) is on the left y-axis.  A yellow (day) and black (night) dashed colored line 
depicts day-night cycles.  The dashed green line is the phytoplankton bloom 
threshold, and the dashed black line marks the end our our model spin-up phase. 
Enterococcus data generated from models where mortality was (LP and LP + L) or 
was not (NP and NP + L) a function of phytoplankton concentration are shown with 
black and blue dots, respectfully. Daily average Enterococcus concentrations are 
shown using solid lines of the corresponding color.  Results from dark models  (NP 
and LP), with no solar FIB mortality, are shown in A).   Results from light models 
(NP + L and LP + L), where mortality was a function of solar radiation, are shown in 
B).  
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Figure 4.6: A & B) Enterococcus – chlorophyll a correlation coefficients (Spearman's 
Rho) evaluated at all possible sampling hours. Sampling hour is on the x-axis, with 
0100 (the first timepoint) corresponding to samples at 1 am, and 2400 (the last 
timepoint) to midnight samples.  All estimates of Spearman's Rho are shown with 
95% confidence intervals.  Correlation coefficients for models where FIB mortality 
was a function of phytoplankton concentration (LP and LP + L) are shown in black. 
Models where FIB and phytoplankton concentrations are independent (NP and NP + 
L) are shown in blue. C & D) Bar graphs showing the percent of sampling hours with 
positive, negative or non-significant correlations between Enterococcus and 
chlorophyll a.  Significance category (positive, negative or non-significant) is on the 
x-axis, and the percent of sampling hours that fall within each category is on the y-
axis.  The color scheme is identical to A and B.  Models where FIB were solar 
sensitive are on the bottom (B & D).  Dark models are on the top (A & C).
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Figure 4.7:  A & B)  Enterococcus – chlorophyll a correlation coefficients 
(Spearman's Rho) evaluated at high tide, and every hour following high tide, for a 
total of 11 hours.  The x-axis is sampling hour relative to high tide which occurs at t 
= 0 h).  Otherwise, plot orientation and color is identical to Fig. 4.6. C and D)  Bar 
graphs showing the percent of (tidal) sampling hours with positive, negative, or non-
significant correlations between Enterococcus and chlorophyll a. Plot orientation 
and color is also identical to Fig. 4.6.
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 Appendix 4.1: Supplementary Figures

SI Figure 4.1: Timeseries of Lingulodinium polyedrum concentration in 
experimental microcosms containing phytoplankton. Time (h) is on the x-axis, and 
L. polyedrum concentration (cells ml-1) is on the y-axis.  Error bars are standard error 
from replicate seawater microcosms.  The average concentration of L. polyedrum 
averaged over the experiment duration (72 h) is marked by a dashed black line.



CHAPTER 5.

BEACH NOURISHMENT IMPACTS ON BACTERIOLOGICAL WATER 

QUALITY AND PHYTOPLANKTON BLOOM DYNAMICS

Abstract

In 2009 the Sediment Fate and Transport Study performed a beach 

nourishment with fine-grained sediments (< 63 μm) at Border Field State Beach 

(BFSB), near California's San Diego-Mexico border.  The study was designed to 

monitor the fate and transport of this material in the nearshore/surfzone as well as its 

effects on local bacteriological water quality, phytoplankton communities, benthic, and 

epibenthic fauna.  Here we examine the bacteriological water quality and 

phytoplankton component of the study.  We found that nourishment material had no 

obvious affect on phytoplankton patchiness or bloom formation at BFSB, and that 

phytoplankton were most strongly correlated with nitrate, tide height, and alongshore 

current direction (p< 0.05).  In contrast, nourishment sediments were found to be a 

clear source of the fecal indicator Enterococcus; Spearman's rank correlations between 

fines and enterococci were highly significant (p < 0.01), and generalized linear model 

analysis identified fine sediments as the single best predictor of enterococci during our 

study.  Although high concentrations of enterococci were released into the surfzone 

with nourishment sediments, the residence time of these fecal indicators was short 

(~23 h).  By combining microcosm experiments and field sampling, we were able to 

determine that these short residence times were driven by a combination of rapid FIB 

inactivation immediately post placement (e-folding rate of ~ 5.5 x 10-2 s-1) and 
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physical dilution/mixing.  

Introduction

Fine-grained sediments (<63 μm in size) are natural constituents of nearshore 

waters along the coast of California.  In the greater San Diego area, episodic river 

inputs are the dominant source of fine sediments, discharging ~ 0.40 Mt y-1 

(Farnsworth and Warrick, 2007).  In these flows, fine material may dominate the 

suspended sediment load (~77% in the Tijuana river), making fines an important 

contributer to local marsh and beach sediments (Farnsworth and Warrick, 2007).  

Despite the natural contribution of fines to Southern California's beaches, all 

material used for opportunistic beach nourishments must be < 20% fines (silt and clay) 

unless 1) the grain size distribution matches that of the proposed placement site or 2) it 

meets chemical/biological contamination criteria and is unlikely to negatively impact 

natural resources in the area (U.S CFR 404b).   These regulations are intended to 

ensure that sediment placements do not deleteriously affect water quality, ecosystem 

function, circulation, salinity gradients, or aquatic organisms.  Our understanding of 

the effects fine sediments have on these processes, however, is limited, making the 

potential impacts of a nourishment with fine material difficult to predict.  Here we 

present results from “The Sediment Fate and Transport Study”, exploring the effects of 

a beach nourishment composed of > 20% fines on concentrations of fecal indicator 

bacteria (water quality) and phytoplankton (aquatic organisms) at Border Fields State 

Beach (BFSB), California.  The study was part of a larger field campaign that also 

monitored the fate and transport of fines in the surfzone/nearshore and their effects on 
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local benthic and epibenthic fauna. 

This study chose to evaluate the impacts of fine sediments on phytoplankton 

and fecal indicator bacteria because the rapid growth/mortality rates of these 

organisms in coastal waters makes them ideal for monitoring short-term responses to 

episodic events like sediment placements (Sinton et al., 2002; Calbet and Landry, 

2004; Yamahara et al., 2009).   Nuisance phytoplankton blooms have been closely 

linked to inorganic nutrient inputs from natural and/or anthropogenic sources 

(Pennock and Sharp, 1994; Xu et al., 2008; Cloern and Jassby, 2010).  These 

inorganics (especially phosphate) often exhibit elevated concentrations in the fine 

fraction of sediments due to the attraction of cations (Ca2+, and Fe3+) to negatively 

charged clay particles  (Andrieux-Loyer and Aminot, 2001).  These cations reversibly 

bind nutrients, forming a reservoir of complex nutrient salts that are readily converted 

to bioavailable forms in seawater (Aminot and Andrieux-Loyer, 1996).  For this reason 

a beach nourishment with fine sediments might be expected to induce phytoplankton 

blooms by providing episodic inputs of the inorganic nutrients required for growth.  

Fine-grained sediments have also been shown to harbor high concentrations of 

fecal indicator bacteria (FIB) (Evanson and Ambrose, 2006; Guber et al., 2007).  FIB 

are non-pathogenic enteric bacteria that are used to track bacterial pathogens in coastal 

systems due to their high concentrations in human and animal waste (Sinton et al., 

1993a).  FIB are strongly associated with infection (ear, eye, and skin) and 

gastrointestinal illness in humans (flu-like symptoms including fever, vomiting, and 

diarrhea) (Cabelli et al., 1982, Pruss et al., 1998; Turbow et al., 2003).  Disease 

incidence tends to be higher for people engaging in recreational activities that involve 
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full seawater immersion (swimmers and surfers) or “sand contact activities” (digging 

or being buried in sand) (Henrickson et al., 2001; Heaney et al., 2009).  Because 

concentrations of FIB in sediment can exceed those reported in coastal waters by 10-

100 fold (Yamahara et al., 2007; Halliday and Gast, 2011), and FIB attachment to fine-

grained material may exceed attachment to coarser particles (Jeng et al., 2005; Guber 

et al., 2007), a fine-sediment beach nourishment has the potential to pose a significant 

heath risk to beach goers.  

Methods

Field Site Description:

Border Field State Beach (BFSB) is an ~ 2.4 km stretch of Southern California 

beachfront, with its southern edge at the San Diego-Mexico border.  This beach is 

backed by the Tijuana Estuary, which receives large volumes of sediment and water 

from the Tijuana River watershed (Callaway and Zedler, 2004; Wallace et al., 2005; 

Farnsworth and Warrick, 2007).  This watershed covers approximately 4,450 km2 in 

both Mexico and California (Ojeda-Revah et al., 2008; Elwany, 2011).  During the 

rainy season, watershed discharge to BFSB often contains elevated levels of fecal 

indicator bacteria (total coliforms, enterococci and E. coli), viruses (hepatitis A and 

adenoviruses), heavy metals, and sediment (Gersberg et al., 2000; Jiang et al., 2001; 

Gersberg et al., 2004; Brooks et al., 2005; Gersberg et al., 2006; Farnsworth and 

Warrick, 2007).  Habitat loss due sediment discharge in the estuary prompted the 

construction of the Goat Canyon Retention Basin in 2005 (Elwany, 2011).  This basin 

traps more than 40,000 cubic yards of sediment annually, and yet is still insufficient to 
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capture the sediment loads expected during an above average rainfall event (Elwany, 

2011; Warrick et al., 2012).  

Beach Nourishment:

35,000 cubic yards of sediment was placed on BFSB between 9/21 and 

10/2/09.  Sediments were pre-screened in 2008 for chemical and biological hazards, 

and declared safe for placement.  The sediments used for the nourishment contained 

26-46% fines (grain size <63 mm).  In the BFSB surfzone, concentrations of 

suspended fines were typically low (~ 0.01 g L-1 or less), making fines a good tracer 

for nourishment material.  All sediments were dredged from the Goat Canyon 

Retention Basin in the Tijuana River Estuary, and sieved to remove trash and large 

debris.  Sediments were trucked to the beach and placed according to the schedule in 

SI Table 5.1.  All sediment was placed at station HT (Fig. 5.1), below the high tide 

line. 

Biological Monitoring Program: 

Sample Collection

From 9/21 - 10/13/09, concentrations of suspended fine sediments, sands, the 

FIB enterococci, nutrients (phosphate, nitrate, nitrite, ammonia, and silicate) and 

chlorophyll a (Chla), a proxy for phytoplankton, were monitored in surfzone waters at 

BFSB and Imperial Beach (directly to the north of BFSB).  All water samples were 

collected between 0430 and 0530 in knee-deep water.  Samples were taken at eight 

alongshore stations spanning ~3.3 km; BF, S1, HT, M, N1, N2, TJR, and F1 (Fig. 5.1). 
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F1 was the only station located at Imperial Beach itself, and was situated  ~ 600 m 

south of the Imperial Beach pier.  Daily samples were collected at three of eight 

stations (HT, TJR, and F1), and analyzed for all constituents.  The five additional 

stations (BF, S1, M, N1, and N2) were sampled every other day for all variables 

except Chla.  Pressure sensors, temperature loggers, and Acoustic Doppler 

velocimeters (ADVs) were deployed at station F1 and five additional stations in the 

cross-shore; F2, F3, VS, F5 and F6 (Fig. 5.1).  Measurements from these six locations 

were used to estimate tide height, temperature, and alongshore current speed/direction 

during our study.  These physical measurements were courtesy of the Imperial Beach 

2009 project (IB09, R.T. Guza and F. Feddersen, SIO, PIs).

Sample Analyses

Water samples were analyzed for enterococci within 2 hours of collection using 

IDEXX Enterolert.  To quantify Chla concentrations, samples were filtered onto 

triplicate GF/F filters and pigments were extracted with 90% acetone, for 24 hours, in 

the freezer.  Extracted samples were quantified on a Turner Designs T700 fluorometer. 

The Chla concentrations calculated here can be thought of as “raw” concentrations, as 

the phaeophytin signal was not removed.  

Water samples for nutrient analyses were frozen within 2 hours of collection 

and shipped to MSI Analytical Laboratories.  Concentrations of dissolved silicate, 

phosphate, nitrite, nitrate + nitrite, and ammonium were enumerated using flow 

injection analysis.  Water samples for the analysis of fine sediment and sand 

concentrations were refrigerated, and shipped via overnight mail to the USGS PCMSC 



148

Sediment Laboratory in Menlo Park, California.  To determine suspended-sediment 

concentration, samples were wet sieved through a 63µm sieve.  This separated them 

into sand (> 63 µm) and fine (< 63 µm) fractions, which were dried and weighed. 

Enterococci in Nourishment Sediments:

Samples of sediment from nourishment material were collected on 9/25/09 and 

10/1/09.  Three separate placements were sampled between 0700 and 0730 on each 

sampling day, resulting in a total of six samples.  To enumerate enterococci, 10g of 

sediment per sample was suspended in 100ml of MQ water.  The mixture was shaken 

by hand for two minutes to dislodge bacteria, and allowed to settle for one minute. 

The supernatant was collected and analyzed for enterococci using IDEXX Enterolert.

To test for false Enterococcus positives in our Enterolert assays, ten positive 

and ten negative Enterolert wells were biochemically screened.  The back of the 

quantitray was disinfected with 70% alcohol and medium was withdrawn from each 

well using sterile syringes.  The medium was plated on brain heart infusion agar (1 

plate per Enterolert well) and allowed to grow for 48 hours (35°C).  1-3 isolates were 

picked from each plate exhibiting growth and subjected to the following seven 

biochemical tests: a gram stain, a catalase test, disk tests for pyrrolidonyl 

aminopeptidase (PYR) and lucine arylamidase (LAP) (Remel, Inc., Lenexa, KS, 

USA), growth in brain heart infusion broth at 45°C and with 6.5% NaCl (35°C), and 

hydrolysis of esculatin in the presence of 40% bile salts (35°C).  All isolates that were 

gram positive, catalase negative, PYR and LAP positive, hydrolyzed esculatin, and 

grew at both 45°C and in the presence of 6.5% NaCl, were identified as Enterococcus 
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(American Society for Microbiology 2003).  

Water Quality Assessment: Correlations and Predictive Statistical Models

Two methods were used to identify parameters for predicting enterococci or 

Chla at BFSB.  First, direct correlations between all measured parameters (tide height, 

temperature, alongshore velocity, fines, sands and nutrients) were assessed.  Because 

data distributions were non-normal, correlation was evaluated using Spearman's rank 

(rho).  The significance of these correlations was determined using bootstrap methods; 

data were sampled with replacement 100,000 times, and rho was estimated for each 

new data set.  95% bias-corrected bootstrap confidence intervals (CI's) were 

calculated.  When rho of 0 fell outside those 95% CI's, correlations were determined to 

be significant (p ≤ 0.05).  

Generalized linear models (GLM's) were also used to identify significant 

predictors of enterococci or Chla during our study.  GLM's are multiple linear 

regression models that allow for response variables with non-normal distributions. 

Chla measurements were modeled as a gamma distribution with a log-link, as in 

Vargas et al., (2009).  Concentrations of enterococci were modeled as 

presence/absence data using a binomial GLM with a logit link.  Presence was defined 

as ≥10 MPN 100 ml-1, and absence as <10 MPN 100 ml-1 of seawater. 

Because alongshore velocity and temperature were only measured at one 

sampling station, and this sampling station (F1) was separated from other stations by 

both a river outlet and a bend in the coast (Fig. 5.1), these parameters were excluded 

from GLM analyses.  All combinations of the remaining parameters (fine sediments, 
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sands, nitrate, nitrite, ammonium, silicate, phosphate and tide height) were explored. 

Second-order interaction terms were also evaluated.  Functional marginality was 

invoked so that no model could contain second-order interaction terms without also 

containing both main effect variables (Nelder, 2000).  All models were parameterized 

using maximum likelihood estimation.  Best-fit models were identified using the 

Bayesian Information Criterion (BIC), which is a more consistent selection criteria 

than AIC (De Luna and Skouras, 2003; Yang, 2005).  All GLM analyses were 

performed in R using the statistical routine glmulti (Calacagno and de Mazancourt. 

2010).

Surfzone Residence Time of Enterococcus: 

On four separate dates surfzone concentrations of enterococci were monitored 

at HT station every 30 minutes for 4 h.  Sampling occurred on 9/26, 9/27, 9/29, and 

10/1.  The time (∆t) between the midpoint of each sampling event and the most recent 

nourishment was calculated for all dates.  We refer to this ∆t as time-since-placement. 

All sampling events occurred either during or after placements containing ≥ 2,240 

CYs of sediment.  Concentrations of enterococci (averaged over each sampling event) 

were evaluated with respect to time-since-placement, to determine rough residence 

times for nourishment-associated enterococci in the surfzone.  Surfzone residence 

times reflect losses due to physical transport and bacterial inactivation (mortality + 

loss due to induction of a viable but not cultural state).  Microcosm experiments, 

discussed below, were used to quantify the inactivation component directly. 
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Enterococcus Inactivation: Microcosm Experiments

Inactivation rates of nourishment-associated enterococci were evaluated in the 

surfzone on 10/1/09 using field deployable seawater microcosms.  Microcosm 

experiments eliminate physical dilution of bacteria, which can be a dominant source of 

loss in the surfzone (Boehm 2003; Boehm et al., 2005; Rippy et al., submitted m.s. 1). 

All microcosms were mounted on a floating platform (DrEMP; Drifting Enterococcus 

Mortality Platform), moored in the surfzone, shoreward of breaking waves.  

Microcosm Platform: DrEMP

DrEMP is a floating frame that maintains 22, 250 ml microcosms in ~1 m 

water depth (SI Fig. 5.1).  All microcosms were constructed from fused silica, which 

allows the penetration of potentially bactericidal UV wavelengths in addition to the 

visible spectrum (Bell et al., 1993; Davies-Cooley et al., 1994).  Half the microcosms 

were left uncovered and the remainder were enclosed in black plastic to eliminate light 

penetration.  This allowed us to evaluate the contribution of solar radiation to 

inactivation rates of nourishment-associated enterococci.  DrEMP was equipped with a 

PAR sensor to quantify solar radiation during our experiments (Alec Electronics 

MDS-MKV/L, 360-690 nm) (JFE Advantech Co., Ltd).  Similar sensors were 

deployed on additional dates (10/3/09 - 10/30/09) when no nourishment took place to 

evaluate surfzone solar penetration in the absence of the sediment plume.

Microcosm Sample Collection:

On 10/1/09 sediment placement began at 0700 and continued until 1700.  At 
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0735, a 5 L surfzone sample containing suspended nourishment sediments and 

seawater was collected, shaken, and distributed into the 22 silica microcosms on the 

DrEMP platform.  DrEMP was deployed by 0755, and the first samples (1 light and 1 

dark microcosm) were removed and placed on ice at 0800.  Subsequent pairs of 

samples were taken every 30 minutes for five hours.  All samples were analyzed for 

concentrations of enterococci within six hours of collection, using IDEXX Enterolert.  

Results and Discussion:

Physical Environment: 

In fall 2009, the cross-shore averaged (16 – 140 m cross-shore) alongshore 

current in our sampling domain was predominantly northward, reflecting south swell 

conditions.  At two times during our study, however, (9/30 - 10/1/09 and 10/4 - 

10/5/09) alongshore flows were southward, reflecting west to northwest swell (Fig. 

5.2a).  Some southward flow was also observed at the beginning of the study (9/21 – 

9/23/09), when alongshore currents were found to change direction in phase with the 

tide (Fig. 5.2a, c).  Maximum southern alongshore velocities were ~0.25 ms-1 and 

maximum northern alongshore velocities were ~0.39 ms-1 (Fig. 5.2a).  Two thirds of 

the sediment placements performed during our study took place when alongshore 

currents were to the north, suggesting that these sediments (and any associated 

contaminants) were transported northward towards Imperial Beach proper.  

During the study period, cross-shore averaged water temperature exhibited 

strong diel cycling, and an overall trend towards lower temperatures.  Averaged over 

all stations and times, water temperature was ~18°C (max: 21°C and min: 16.2°C). 
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Most sediment placements occurred during the warmer half of the study, prior to 

9/29/09 (Fig. 5.2b).  Placements occurred both on neap and spring tides (Fig. 5.2c).

Water Quality Assessment: Phytoplankton

Spatio-temporal Patterns in Chla:

Surfzone concentrations of Chla ranged from 2-10 mM during our study.  High 

concentration Chla peaks, correlated in the alongshore, were observed three times 

during this study (Fig. 5.3a).  An additional peak was also observed at the Tijuana 

River outlet near the end of the study (Fig. 5.3a).  Alongshore-parallel bands of Chla 

are common in the nearshore and can be caused by a variety of processes including 

vertical mixing of subsurface phytoplankton blooms via internal wave breaking 

(Omand et al., 2011), alongshore transport/mixing of localized blooms by wind and 

wave driven currents (Tester et al., 1991; McPhee-Shaw et al., 2011), and point/non-

point source release of nutrients coupled with mixing and alongshore transport 

(Hewson et al., 2001; Cembella et al., 2005).  We evaluated the association between 

alongshore transport, nutrients, tides, and phytoplankton at BFSB using both direct 

correlation analyses and GLM's.

Parameter Correlations:

Chla concentrations were significantly, and inversely, correlated with surfzone 

nitrate concentrations and tide height (p < 0.01) (Fig. 5.3; SI Table 5.2).  Chla was also 

correlated with alongshore water velocity: low Chla levels (2-4 μM) were observed 

during strong northward flows (>0.2 ms-1), and high Chla levels (4-10 μM) during 
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southward or weak northward (<0.2 ms-1) flows (p < 0.05) (Fig. 5.3; SI Table 5.2). 

Chla was not correlated with fine sediments from the beach nourishment or any of the 

four additional inorganic nutrients measured (silicate, phosphate, nitrite, or 

ammonium) (SI Table 5.2).  This implies that the BFSB nourishment did not impact 

surfzone water quality by stimulating nuisance phytoplankton blooms.  

The lack of observed correlation between nourishment sediments and Chla 

may reflect the nutrient composition of the nourishment material.  During our study, 

nourishment sediments were well correlated with concentrations of phosphate, but not 

nitrogen (nitrate, nitrite or ammonium) (Fig. 5.3; SI Table 5.2).  The nitrogen to 

phosphorous ratio (N:P) in surfzone waters at BFSB was always below 16 (the 

Redfield ratio), suggesting nitrogen (not phosphorous) limitation of phytoplankton 

growth (Redfield, 1934; Redfield, 1958; Smith, 2006) (SI Fig. 5.2).  Thus, 

nourishment sediments would not be expected to fuel phytoplankton blooms because 

they are rich in a non-limiting nutrient (phosphate).

It may be that the phytoplankton dynamics we observed at BFSB reflect 

physical transport of bloom waters rather than individual bloom events.  The inverse 

relationship detected between nitrate and Chla at BFSB is consistent with nitrate 

uptake by phytoplankton in a given water mass (Koike et al., 1982; Smith et al., 1995; 

Rocha et al., 2009).  In light of the association between Chla and physical processes 

(alongshore current direction & tide height) at BFSB, this relationship may point to 

episodic physical transport of phytoplankton-rich/nutrient-poor waters into and out of 

the surfzone as the primary mechanism driving the phytoplankton patterns we 

observed.
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Generalized Linear Model Analyses:

Our GLM analyses identified both tide height and nitrate as important 

parameters for predicting Chla concentrations at BFSB (note that alongshore currents 

were excluded from these analyses).  In total, two best-fit predictive models for Chla 

concentrations were identified.  Both models included nitrate and tide height, and one 

model included an additional nitrate - tide height (N:TH) interaction term (SI Table 

5.3).  All model parameters were significant at the p < 0.01 level except the N:TH 

interaction term, which was only marginally significant (p < 0.1) (SI Table 5.3). 

Percent deviance explained (%DE) was calculated for both best-fit models as a 

measure of goodness-of-fit (Dobson, 1999).  Note that %DE is equivalent to R2 for 

normally distributed data.  The %DE for both of our best-fit Chla models (over the 

entire sampling domain) was ~35%.  Notably, the model including the N:TH 

interaction term had a slightly higher %DE (SI Table 5.3).  

Model performance was found to be spatially variable, with lower model-data 

fits for northern stations (TJR and F1) than southern stations (HT) (avg %DE TJR and 

F1: ~33.08; avg %DE HT: 44.89) (Fig. 5.4).  The spatial variability in the predictive 

success of our best-fit GLM's may suggest that the processes underlying 

phytoplankton patchiness at BFSB vary alongshore.  Northern and southern 

alongshore stations are separated by a river outlet/sand bar system and a bend in the 

coastline that could result in different local dynamics affecting phytoplankton (Fig. 

5.4).  Because predictive statistical models include no dynamics, and assume spatially 

homogeneous correlations between parameters, their performance is likely to vary 
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spatially, as was observed here in the alongshore.  

Water Quality Assessment: Enterococcus

Spatio-temporal Patterns:

Surfzone concentrations of Enterococcus ranged from 0-257 MPN 100 ml-1 

during our study.  FIB contamination was highest at the nourishment site HT; all 

measured concentrations of enterococci > 32 MPN 100 ml-1 occurred at this sampling 

station (Fig 5.5a).  The majority of the FIB signal at BFSB occurred during the first 

half of the study, with concentrations dropping to near zero levels after 10/2/09 (Fig 

5.5a).  Two pulses of FIB were observed.  The first contained higher concentrations of 

Enterococcus and occurred from 9/22/09 – 9/26/09.  The second, weaker, pulse 

occurred from 9/20/09 – 10/1/09 (Fig 5.5a). 

Enterococcus concentrations at BFSB (especially the Tijuana River {TJR}) 

were lower than expected given the contaminant levels typically reported during 

winter months (Brooks et al., 2005).  This suggests that during low-flow conditions 

TJR is not a major source of FIB contamination to neighboring beaches.  Low 

summer/fall FIB levels at TJR may imply that the estuary does a good job of filtering 

and removing FIB from the system following winter rains.  Alternatively, it is possible 

that FIB contamination remains in the river/estuary during summer/fall, but that 

contaminant loads are sediment associated, requiring storm events and resuspension 

for FIB exceedences to be observed. 

Parameter Correlations:
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Enterococcus concentrations were significantly and positively correlated with 

fine sediment, silicate, and phosphate concentrations during our study  (p < 0.05) (Fig 

5.5; SI Table 5.2).  Correlations were not observed between Enterococcus and tide 

height, alongshore current direction, or water temperature, all of which have been 

associated with FIB contamination at other California beaches (SI Table 5.2) (Grant et 

al., 2001; Boehm et al., 2002; Boehm et al., 2004; Kim et al., 2004; Wong et al., 

2012).  Similarly, Enterococcus was not correlated with any of the three parameters 

most strongly associated with phytoplankton concentrations (nitrate, tide height, or 

alongshore current direction), implying that the dynamics underlying patterns in 

phytoplankton and FIB at BFSB were different (SI Table 5.2).  

The variable most strongly correlated with enterococci at BFSB was fine 

sediments; both exhibited high concentrations at the beach nourishment site (HT), 

both were elevated for the nourishment duration (the first half of the study), and both 

occurred in two pulses, the second of which was weaker than the first (Fig. 5.5 a-b). 

This two-pulse pattern may have resulted from the sediment placement schedule for 

the beach nourishment.  No sediments were placed from 9/26 – 9/27/09, resulting in a 

lack of surfzone fines and FIB on 9/27/09 and 9/28/09 (prior to placement).  When 

sediment placement recommenced the amount of material deposited was reduced 

(14,000 CYs vs. 21,000 CYs) (SI Table 5.1).  This reduction was coincident with 

lower measured concentrations of surfzone fines and Enterococcus.  This clearly 

suggests that the elevated levels of surfzone Enterococcus observed during our study 

were linked to fine sediment resuspension from the beach nourishment. 

Like Enterococcus and suspended fine sediments, concentrations of the 
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inorganic nutrients silicate and phosphate were intensified at the nourishment site and 

had a clear first pulse (Fig. 5.5).  No obvious second pulse was observed for either 

inorganic nutrient, however, and concentrations of both remained high at the end of 

the study instead of decreasing (Fig. 5.5).  The coincidence of the initial nutrient pulse 

with fine sediment suggests that these nutrients (like enterococci) may have been 

associated with the beach nourishment itself.  The high nutrient concentrations during 

the second half of our study, however, do not mirror suspended sediment patterns. 

These elevated concentrations may reflect additional processes like upwelling or 

nutrient transport from offshore, as they were correlated with an overall decrease in 

surfzone water temperature (Wong et al., 2012) (SI Fig. 5.3).  Notably, these high 

nutrient concentrations may also be associated with tidal flow from the Tijuana River, 

as the majority of nutrients examined had hot-spots near the river outlet (Fig. 5.5; SI 

Fig. 5.3).  

Generalized Linear Model Analyses:

Our GLM analyses indicate that fine sediments were the single most important 

parameter for predicting the presence/absence of Enterococcus at BFSB (p < 0.01) (SI 

Table 5.4).  The inclusion of additional parameters such as silicate or phosphate did 

not significantly improve model-data fits.  This said, the %DE explained by our best-

fit GLM was only 9.72, indicating poor overall model performance (SI Table 5.4). 

This poor performance reflects extreme spatial variability in model predictive 

capacity.  At the nourishment site the %DE explained by our GLM was 45.04 (Fig. 

5.4).  At stations distant from the nourishment site (TJR: 380 m and F1: 2000 m), the 
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%DE explained was 4.22 and 1.89, respectively (Fig. 5.4).  It may be that over time 

and with distance from the nourishment, fine sediments dissociate from Enterococcus 

due to differences in surfzone removal rates, resulting in variable dose relationships 

between fines and FIB.  This could explain the decreased predictive performance for 

our fine sediment GLM at stations increasingly distant from HT. 

An alternate explanation for the poor performance of our GLM at stations 

beyond HT is that contamination events at these distant locations were driven by 

episodic processes uncorrelated with fines.  GLM's, by design, only incorporate 

variables that significantly increase the predictive power of a model.  This may reduce 

their efficacy in predicting FIB contamination at beaches with point-sources of 

bacterial pollution (like our beach nourishment), which can swamp the signal from 

low-frequency, patchy, or ephemeral contamination events (however severe).  This 

problem might be circumvented for management purposes by developing multiple 

models for beaches dominated by point sources: one for the point source location, and 

one excluding it, allowing lower-frequency contamination events to be resolved.   

Sediment Enterococcus Levels:  

The results of our direct correlation and GLM analyses for Enterococcus 

suggest that nourishment sediments are a FIB source and should contain high 

concentrations of bacteria.  This inference was confirmed by direct examination, 

which revealed sediment Enterococcus loads ranging from 117-51,486 MPN 100 g-1 of 

sediments (Fig. 5.6).  Our maximum measured FIB concentrations are on the high end 

of those observed at other temperate beaches in California (Yamahara et al., 2007). 
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Concentrations of Enterococcus were found to vary both with placement day and 

among placements within a day (Fig. 5.6).  This suggests that surfzone FIB loading 

due to the suspension of nourishment sediments should be variable, reflecting the 

patchy concentrations of FIB found in those sediments.  This could have contributed 

to the low overall performance of our best-fit GLM for Enterococcus, as the 

relationship between the predictor variable (fines) and the response variable 

(Enterococcus) was inherently unstable.

Biochemical analyses of bacteria from the Enterolert assay of our 10/1/09 

sediment sample did not reveal any false Enterococcus positives.  60% of negative 

Enterolert wells exhibited no bacterial growth on brain heart infusion agar.  The 

remaining 40% that did exhibit growth were found to contain gram-negative bacteria, 

not enterococci (SI Table 5.5).  Of our positive Enterolert wells, 20% were found to 

contain nonenterococcal isolates (SI Table 5.5).  This 20% false positive rate is higher 

than rates reported by the EPA (US EPA, 2000), but is consistent with rates found by 

Ferguson et al. (2005).  The high false positive rates observed in this study suggest 

that some caution is warranted when using Enterolert to enumerate enterococci in 

sediments.  Genetic methods like QPCR may provide a reliable, more specific, 

alternative (Noble and Weisberg., 2005; Wade et al., 2006).

Surfzone Residence Time: Enterococcus

Elevated concentrations of Enterococcus were observed at station HT during 

the sediment placement on 10/1/09.  The 4 h average FIB level was 141 MPN 100 ml-

1, above the EPA single-sample standard for enterococci (104 MPN 100 ml-1).  Twenty-
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three hours post placement, enterococci were almost undetectable in the surfzone 

(average of 1 MPN 100 ml-1) (Fig. 5.7).  FIB decay was well described by an 

exponential with a decay rate of 0.24 h-1 (6.7 x 10-5 s-1) (Fig. 5.7).  FIB levels dropped 

below EPA single-sample standards in ~1.3 h, and below geometric mean standards 

(35 MPN 100 ml-1) in ~5.8 h (Fig. 5.7).  The short residence time of FIB in the 

surfzone following sediment placement suggests that the local water quality effects of 

nourishment sediments are ephemeral.  FIB residence time is likely to reflect both 

physical transport of enterococci out of the system and biological inactivation (Boehm 

et al., 2005; Rippy et al., submitted ms 1-2).  If physical transport is the dominant 

source of removal, then the rapid FIB loss we measured at BFSB cannot be equated 

with ephemeral health risk because the pollutant plume is likely to impact beaches 

north or south of the nourishment location.  If, however, inactivation is the dominant 

source of removal, then our short residence times do imply that health risk associated 

with Goat Canyon sediments is short lived.  The contribution of inactivation to 

surfzone Enterococcus loss at BFSB is evaluated below.

Enterococcus Inactivation: Microcosm Experiments

Our microcosm experiments showed rapid inactivation of nourishment-

associated Enterococcus in surfzone waters during the first 0.5 h of sampling. 

Following these initial declines, Enterococcus concentrations were relatively stable for 

the remaining 4.5 h (Fig. 5.8a).  These declines were well explained by an asymptotic 

exponential model of the form:
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C  t=C0 aC 01−ae−k S t (1)

where t is time, C(t) is the concentration of Enterococcus at time t, C0 is the starting 

concentration of Enterococcus, a is the fraction of Enterococcus that are resistant to 

inactivation, and kS
  is the inactivation rate of the sensitive fraction.  

FIB inactivation in dark microcosm treatments was not significantly different 

from light treatments, suggesting that solar radiation was not a major contributor to 

Enterococcus inactivation in these experiments (p < 0.05) (Fig. 5.8a).  Surfzone solar 

insolation levels were low on average (67.54 μEin m-2 s-1), despite it being a sunny day 

(avg. insolation in air: 1842.99 μEin m-2 s-1)  (Fig. 5.8b).  On days with similar light 

intensities (but no nourishment plume) average surfzone insolation was over an order 

of magnitude higher (1031.75 μEin m-2 s-1) (Fig. 5.8b).  This suggests that our 

microcosms were shaded by the sediment plume itself, implying that, in addition to 

being a source of enterococci to the surfzone, nourishment sediments may provide FIB 

with solar protection.  This could affect the intensity of FIB contamination in sediment 

plumes transported to nearby beaches, as solar radiation can be a dominant source of 

FIB mortality (Sinton et al., 2002; Boehm et al., 2009; Zhu et al., 2011).

Despite the apparent solar protection provided by nourishment sediments, it 

appears that ~61 % of nourishment-associated enterococci undergo rapid inactivation 

in surfzone waters (ks = -4.8 x 10-2 s-1 – -8.4 x 10-2 s-1) (Fig. 5.8a); the remainder were 

resistant to inactivation (Fig. 5.8a).  The inactivation rates of our sensitive fraction 

were markedly higher than those typically observed for enterococci, which range from 
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(10- 6 - 10-3 s-1) (Sinton et al., 2002, Boehm et al., 2005; Maraccini et al., 2012).  These 

elevated rates could reflect sensitivity to any number of environmental variables 

including temperature, pH, salinity, etc (Rozen and Belkin, 2001).  The sensitive 

fraction could consist of a single Enterococcus species (or species group) with higher 

than average seawater inactivation rates (Easton et al., 2005; Maraccini et al., 2012). 

Alternatively, it is possible that this sensitive fraction was composed of previously 

damaged and/or stressed cells, explaining their rapid decay.

Our microcosm experiments suggest that FIB inactivation was temporally 

variable, with initial rates of loss enhanced relative to subsequent rates.  This pattern 

implies that initial rates of surfzone FIB loss may be much faster than estimated using 

the exponential fit in our residence-time analysis (discussed above) (~5.5 x 10 -2 s-1 vs. 

6.4 x 10-5 s-1) (Fig. 5.7; Fig. 5.8a).  The results of this analysis are still informative, 

however, as they reveal declining Enterococcus concentrations 8-23 hours following 

sediment placement (Fig. 5.7)  Enterococcus concentrations stabilized rapidly in our 

microcosm experiments, making it likely that these additional losses are due to 

physical transport and dilution (Fig. 5.8a).  Taken together, our residence-time and 

microcosm studies suggest that both inactivation and dilution contribute to surfzone 

FIB loss at BFSB.  Specifically, sensitive FIB (~61% of the population) appear to be 

inactivated within 1 hour, with subsequent losses driven by physics.  This suggests that 

the majority of nourishment-associated FIB will be inactivated before they can be 

transported to other beaches.

In this study we have shown that beach nourishments with estuarine sediments 

have the potential to impact water quality at Southern California beaches. 
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Nourishment sediments had no obvious affect on phytoplankton patchiness or bloom 

formation at BFSB, but were identified (using direct correlations and GLM's) as a 

clear source of the fecal indicator Enterococcus.  Although high concentrations of 

enterococci were released into the surfzone with nourishment sediments, the residence 

time of these indicators was short (~23 h).  By combining microcosm experiments 

with field sampling, we were able to determine that these short residence times were 

driven by a combination of rapid FIB inactivation immediately post placement, and 

physical dilution/mixing.  From a management perspective our findings show that 1) 

nourishment sediments can impact bacteriological water quality, and 2) the effects of 

these impacts are short term.  This said, FIB are only indicators of fecal pollution, not 

pathogens.  To truly understand the health risk implications of this sort of beach 

nourishment, it would be necessary to carefully screen Goat Canyon sediments for 

human pathogens and evaluate the seawater inactivation rates of those pathogens to 

see how they compare with the rates measured here for enterococci.
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Figure 5.1:  Schematic of field sampling at Boarder Fields State Beach.  Samples 
were taken along a 3.3 km alongshore transect (dashed red line). Sample locations 
are labeled with white boxes.  Enterococcus, nitrate, nitrite, ammonium, phosphate, 
silicate, sands, and fines were monitored at all stations.  Chlorophyll concentrations 
were monitored at TJR, HT, and BF.  Tide height, alongshore current direction and 
temperature were measured at F1 and at five additional locations spanning 130 m in 
the cross-shore (solid red line).  Sediments for the beach nourishment came from the 
Goat Canyon Retention Basin (white dashed box).
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Figure 5.2: 130 m cross-shore averaged (A) alongshore currents and (B) temperature. 
(C) Mean water depth (a proxy for tide height) measured ~130 m offshore (at F6) 
versus time (days) from 9/21/09 – 10/13/09.  Red circles mark when water samples 
were collected, and yellow boxes mark nourishment events. 
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Figure 5.3:  Concentrations of (A) chlorophyll (μM) and all parameters significantly 
correlated with chlorophyll at the p < 0.05 (*) or p < 0.01 (**) level; B) nitrate (μM), 
(C) water depth (m), and (D) cross-shore averaged alongshore current velocity (ms-1). 
The x-axis for A-D is time (days).  The y-axis is alongshore distance (m) (A-B) or 
parameter magnitude (C-D).  A red dashed line marks the beach nourishment location 
(HT) (A-B), and yellow boxes indicate individual nourishment events.  Subplots (E-
G) show direct correlations between chlorophyll (x-axis) and (E) nitrate,  (F) water 
depth, or  (G) alongshore velocity (y-axis).  Spearman's correlation coefficients (rho) 
are shown in the upper right hand corner of each correlation plot. 
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Figure 5.4: (A-H) Best-fit GLM output for Enterococcus (fines only) compared with 
presence/absence data.  The x-axis is time (days) and the y-axis is the probability of 
bacterial detection using the fine sediment GLM.  Model predictions are shown as 
white circles, and Enterococcus data is shown as colored bars; presence (red bar) and 
absence (black bar).  (I-K) Best-fit GLM outputs for chlorophyll (red or blue) 
compared with chlorophyll data (black).  The x-axis is time (days) and the y-axis is 
the actual or predicted chlorophyll concentration (μM).  The nitrate + tides model is 
shown in red, and the nitrate + tides + interaction term model is shown in blue.  All 
plots (A-K) are organized by sampling station, with the northernmost station at the 
top (F1) and the southernmost station at bottom (BF for enterococci and HT for 
chlorophyll) (see Fig. 1).  For both enterococci and chlorophyll, best-fit GLM's were 
spatially variable.  The percent deviance explained (see upper right hand corner of A, 
B, F, I, J, and K) was highest  at HT station.  This pattern was most pronounced for 
enterococci. 
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Figure 5.5: Concentrations of (A) Enterococcus (MPN 100 ml-1) and all parameters 
significantly correlated with Enterococcus at the p < 0.05 (*) or p < 0.01 (**) level; 
B) fine sediment (gL-1), (C) silicate (μM), and (D) phosphate (μM).  The x-axis for A-
D is time (days).  The y-axis is alongshore distance (m).  All color bars are log 
concentration.  A red dashed line marks the beach nourishment location (HT) and 
yellow boxes indicate individual nourishment events.  Subplots (E-G) show direct 
correlations between Enterococcus (x-axis) and  (E) fine sediment, (F) silicate or (G) 
phosphate (y-axis).  Spearman's correlation coefficients (Rho) are shown in the lower 
right hand corner of each correlation plot. 
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Figure 5.6: Enterococcus concentrations in beach nourishment sediments from six 
different placements spanning two nourishment dates; 9/25/09 and 10/1/09.  The x-
axis is the placement number (1:3) on each day, and the y-axis is Enterococcus 
concentration (MPN 100g-1).
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Figure 5.7: Surfzone residence time of enterococci at HT sampling station (black 
line).  Four -hour-averaged Enterococcus concentrations (MPN 100 ml-1) are on the 
y-axis.  Temporal averages are shown to avoid over or underestimating bacterial 
retention due to patchy Enterococcus concentrations.  Time since the last 
nourishment event (h) is on the x-axis.  All time-since-placement values are 
calculated as hours post placement + 2, to reflect the 4-hour averaging of 
enterococci.  Decay of enterococci was exponential and occurred at a rate of 0.24 h-1 

(boxed equation).  Enterococcus concentrations decayed below EPA single (blue) and 
geometric sample standards (red) by 1.3 and 5.8 hours, respectively.  23 hours post-
placement, enterococci were almost undetectable in the surfzone.
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Figure 5.8: (A) Inactivation of enterococci in dark (black) and light (blue) microcosm 
treatments on 10/1/09.  Inactivation was well modeled by an asymptotic exponential 
(see equation to the right).  Fitted curves were not significantly different between light 
and dark treatments (see overlapping CI's).  For both treatments ~ 61% of 
nourishment associated enterococci were sensitive to inactivation, and decayed 
rapidly (avg 0.055 s-1).  The remaining fraction was resistant and stable. (B) Solar 
insolation levels (μEin m2s-1) versus time (h) from 0800 to 1300.  Insolation on 
10/1/09 within the sediment plume (black dashed line) is compared to average 
surfzone insolation levels when the plume is absent (red dashed line) for days with 
similar light intensities (black: light intensity 10/1/09, red: average intensity on 
alternate days).  Note the extremely reduced insolation levels on 10/1/09 within the 
plume.
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 Appendix 5.1: Supplementary Tables

SI Table 5.1: Sediment Placement Schedule
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 SI Table 5.3: Best-fit Generalized Linear Models for chlorophyll a at BFSB 
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  SI Table 5.4: Best-fit Generalized Linear Models for Enterococcus at BFSB 
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SI Table 5.5: Biochemical Confirmation of Enterococcus in Nourishment Sediments 
from 10/1/09 
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Appendix 5.2: Supplementary Figures

SI Figure 5.1: DrEMP (the Drifting Enterococcus Mortality Platform) is a field-
deployable instrument for measuring Enterococcus growth/mortality rates in the 
surfzone. The platform holds silica microcosm chambers (opaque or transparent) for 
use in monitoring rates with or without ambient light.  Opaque spheres are shown in 
black and transparent spheres are shown in white.  The platform can hold a light and/
or temperature sensor (one sensor is shown in yellow in the diagram).  The platform 
is suspended by floats (shown in red) and can be deployed as a water following 
drifter or as a tethered mooring.
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SI Figure 5.2: Ratio of nitrogen (nitrate, nitrite, and ammonium) to phosphate at 
BFSB.  Note that this ratio is consistently below the Redfield ratio of 16:1, 
suggesting a nitrogen limited system.
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SI Figure 5.3: Plots of (A) 130 m cross-shore averaged surfzone temperature (°C) 
and all parameters significantly correlated with temperature at the p < 0.05 (*) or p < 
0.01 (**) level; B) ammonium (μM), (C) nitrate (μM), and (D) phosphate (μM). The 
x-axis for A-D is time (days).  The y-axis is temperature (°C) (A) or alongshore 
distance (m) (B-D).  A red dashed line marks the beach nourishment location (HT) 
(B-D), and yellow boxes indicate individual nourishment events.  Subplots (E-G) 
show direct correlations between temperature (x-axis) and (E) ammonium, (F) nitrate, 
or (G) phosphate (y-axis).  Spearman's correlation coefficients (Rho) are shown in the 
upper right hand corner of each correlation plot. 
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CHAPTER 6.

SUMMARY AND CONCLUSIONS

The goal of this dissertation was to evaluate different processes (both physical 

and biological) that regulate concentrations of fecal indicator bacteria (FIB) in the 

nearshore, and explore the contribution of these process to coastal FIB survivorship. 

The overarching conclusion of this work is that the importance of physical transports 

and FIB mortality can be spatially (CH 2-3) or temporally (CH 5) variable, and that 

measurements of both are necessary for accurately predicting the extent and intensity 

of nearshore FIB pollution (CH 2-5).  This conclusion may seem self-evident, but very 

few studies have quantitatively evaluated these processes, making it difficult to 

identify the dominant controls on FIB concentrations in different systems (Boehm 

2003; Kim et al., 2004; Boehm et al., 2005; Thupaki et al., 2010).  Our ability to build 

accurate dynamics-based or predictive statistical models for use in future beach 

management programs rests on our ability to identify these processes, and understand 

the interactions among them.

One unique aspect of this dissertation is the evaluation of FIB dynamics both 

in knee-deep surfzone waters (traditional monitoring method), and seaward of the 

surfzone, were FIB have been sampled less frequently (CH 2-3).  Our analyses showed 

that early morning FIB concentrations can exceed EPA single sample standards in the 

outer surfzone (and up to 100 m beyond), which has health-risk implications for 

surfers and paddle boarders who frequent these waters.  Furthermore, the processes 

controlling FIB loss in these areas were different.  Physics (advection and horizontal 
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diffusion) contributed significantly to FIB loss in the surfzone, as has been reported in 

other studies of dynamic beaches (Boehm 2003; Kim et al., 2004; Boehm et al., 2005). 

These processes were less important, however, seaward of the surfzone, suggesting 

that offshore FIB loss at dynamic beaches may be dominated by mortality rather than 

physics.  

Notably, this conclusion rests upon the assumption that our physical model 

accurately captures dominant along and cross-shore physical processes in both 

locations.  For the limited duration and alongshore spatial extent of our Huntington 

Beach sampling program (5 h and ~1000 m), we believe that this assumption is 

reasonable.  Over greater spatial and temporal scales, however, rip-cell dilution may 

contribute significantly to coastal FIB loss and would be necessary to include in 

physical models (Boehm 2003; Boehm et al., 2005).  This process is unlikely to have 

been dominant during our study because observed FIB decay was constant at all 

alongshore sampling stations.  If surfzone FIB were periodically ejected in rip-cell 

plumes, decay would have been temporally variable in the alongshore. 

In addition to the aforementioned spatial variability in the contribution of 

mortality and physical transports to nearshore FIB loss, it is also likely that the role of 

these processes may be temporally variable.  During the Sediment Fate and Transport 

study (CH 5), microcosm experiments showed that mortality rates of sediment-

associated FIB were temporally variable.  Initial FIB mortality was rapid, after which 

mortality rates were near zero, suggesting the presence of a stable population.  In the 

surfzone, however, FIB loss never leveled off.  This suggests that FIB concentrations 

at Border Fields State Beach were initially controlled by a combination of mortality 
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and physical transports, and that following die-off (or VBNC inactivation) of a 

significant fraction of FIB upon seawater immersion, FIB loss was primarily 

physically driven.

Observations of temporally variable FIB mortality rates, although infrequently 

included in FIB models, are becoming increasingly common.  When observed, the 

traditional explanation for multi-rate FIB loss has been the co-occurrence of multiple 

FIB species (Enterococcus) or strains (E. coli) with different intrinsic mortality rates 

(Velz et al., 1984; Easton et al., 2005).  While this explanation could be applied to FIB 

mortality in the microcosm experiments discussed above, it does not explain the 

biphasic decay observed in our laboratory microcosms (CH 4) that were performed 

using a single strain of Enterococcus faecium, both in the presence and absence of 

phytoplankton.  The processes driving biphasic decay in pure FIB cultures are not yet 

well understood, which is a concern because these processes may also underlie the 

biphasic patterns observed in the environment (despite the prevalence of the multi-

species hypothesis).  Biphasic mortality has the potential to enhance FIB persistence in 

coastal systems beyond what is predicted under exponential decay because, over time, 

the fraction of FIB with slower mortality becomes dominant and lingers.  The health-

risk implications of this process will depend, in part, on the identity of the resistant 

fraction (antibiotic resistant strain, non-fecal or fecal species, etc.) and whether or not 

the majority of pathogens also exhibit biphasic mortality, as has been observed for 

some species of Salmonella and Clostridium, both of which can cause disease in 

humans (You et al., 2006; Maraccini et al., 2012; Hellweger et al., 2009).

The seawater microcosm experiments performed in CH 4 not only highlighted 
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biphasic loss as an appropriate mortality formulation for FIB, but also identified a 

hitherto unrecognized biotic control on the survivorship of the fecal indicator 

Enterococcus: marine phytoplankton.  Bloom concentrations of the dinoflagellate 

Lingulodinium polyedrum were found to halve Enterococcus mortality rates in dark 

seawater microcosms.  This emphasizes that ambient marine communities can play an 

important role in regulating FIB dynamics in coastal systems.  Biotic controls on FIB 

are often left out of marine dynamics-based FIB models because they are considered 

insignificant relative to solar radiation, temperature effects, and physics.  While this 

may be true in some instances (Bohem, 2003; Bohem et al., 2005), the results of our 

FIB-phytoplankton model simulations suggest that the presence of phytoplankton can 

enhance FIB survivorship by ~21%, when viewed in the context of realistic physical 

processes (alongshore advection and horizontal diffusion).  These results suggest that 

the role of biotic communities on FIB survivorship in seawater may need to be 

reevaluated.  Current work in freshwater systems emphasizes the role of protistan 

grazing on FIB mortality (Grant and Sanders, 2010; Surbeck et al., 2010), and work in 

sediments has shown that FIB survivorship is strongly dependent on autochthonous 

bacterial assemblages (Feng et al., 2010).  It is likely that biological controls are just 

as prevalent in seawater.  These processes may have gone unnoticed, however, due to 

the complexity of FIB sources, transports and growth/decay in marine systems, which 

can vary with weather, tides, irradiance, and any number of dissolved compounds or 

organisms.  This can make any one relationship difficult to disentangle from others, 

and favor the identification of processes that are readily measured in high resolution 

using existing instrumentation: irradiance, temperature, pH, salinity, and dissolved 
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oxygen.

In both our Huntington Beach and Border Fields State Beach field programs, 

although mortality emerged alongside physical transports as an important factor 

controlling FIB dynamics, the specific mechanisms governing FIB mortality were 

consistently difficult to identify.  At Huntington Beach this may have been due in part 

to our sampling design, which traded temporal duration of sampling for high spatial 

resolution.  The true impacts of processes that are cyclical (like solar radiation) are 

hard to interpret when less than a full cycle is evaluated.  It is also likely that our 

ability to discriminate between different FIB mortality mechanisms was hampered by 

our limited number of high-resolution measurements in addition to fecal indicators. 

Specifically, the mortality forms evaluated in this study would have been better 

constrained if measurements of parameters like solar penetration, protistan grazing 

rates, and/or reactive oxygen species, had been made.  These measurements could 

have been used to inform the shape of the cross-shore gradients in bacterial stressors 

in our ADG or ADGI models, which, in the absence of such measurements, were 

approximated using a tanh function.  

In a way, the absence of high-resolution measurements of this sort at 

Huntington Beach reflects the way I viewed fecal indicators at the start of my 

dissertation.  FIB were terrestrial organisms that were not likely to persist (or grow) in 

marine waters, and had extra-enteric mortality that was irradiance-dominated.  As my 

research has progressed, however, my view of FIB has become increasingly 

ecological, with FIB seen less as a pollutant and more as part of an ecosystem.  This 

means competition, predation, facilitation, and all manner of ecological principles 
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apply to FIB, as well as abiotic stressors like irradiance-induced mortality.  Even 

irradiance-induced mortality is not likely to be as simple as initially envisioned, as 

absolute irradiance is far less important than true irradiance penetration, which is a 

function of water depth, turbidity, bubbles, plankton concentration, etc., all of which 

are linked to turbulent surfzone dynamics (Alkan et al., 1995).  It is possible to take 

absolute irradiance measurements and simulate this complexity using models, as was 

done in CH 2's ADGI model (advection + diffusion + cross-shore variable solar 

mortality), but this process only produces estimates of what an irradiance penetration 

field might look like.  The more we simulate, the greater our model error, and the less 

we are able to distinguish among individual processes affecting FIB survivorship. 

Clever sampling of the specific factors that directly affect FIB (irradiance  penetration 

instead of absolute irradiance, community grazing rates instead of grazer 

concentration, etc.) is likely to significantly increase our ability to detect and 

distinguish between different processes affecting FIB survivorship in marine systems.  

Notably, however, even when high-resolution field measurements of this sort 

are made, the identification of dominant mechanisms controlling FIB mortality can be 

difficult.  At Border Field State Beach irradiance penetration was measured directly, 

allowing evaluation of solar effects on FIB mortality (CH 5).  As it turned out, 

however, irradiance  penetration during these experiments was near zero (presumably 

due to turbidity associated with nourishment sediments).  This means that, while we 

could say definitively that irradiance-induced mortality did not dominate FIB loss in 

these experiments, we still don't know what the dominant factor was.  This example 

underscores the notion that FIB survivorship in marine systems is incredibly complex, 
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and co-monitoring a sufficient number of environmental variables to identify those 

that dominate mortality in any given system is a daunting task.  Interdisciplinary and 

multi-institutional experiments are likely to be invaluable in this regard, as a wide 

range of variables are measured contemporaneously by different researchers for a 

single system, increasing our chances of capturing the processes that contribute most 

prominently to FIB loss in those systems (Hamilton et al., 2004; Boehm et al., 2009). 

 Because they represent a combined research effort, interdisciplinary field 

programs are also more likely than other field programs to have the manpower and 

time to make field-based rate measurements.  As indicated by our 1-per-day FIB-

phytoplankton correlation assessments in CH 4, measurements of concentration 

(especially those that are widely spaced in time) may be difficult to use for assessing 

relationships among organisms, even when those relationships are known exactly.  By 

measuring FIB growth/mortality rates directly we sidestep problems associated with 

source dynamics; FIB concentration at any one time could be high or low independent 

of environmental conditions, simply due to source load.  It is the rate at which those 

introduced concentrations change that is a function of environmental variables like 

solar radiation, temperature, phytoplankton, protists, etc.  For this reason, rate 

measurements are likely to increase our understanding of FIB survivorship in marine 

systems more than measurements of FIB concentration.  Our use of DrEMP in CH 5 is 

just one example of a field-deployable system for FIB rate estimation in marine 

systems.  Other systems that allow for continuous flow-through of nutrients and other 

dissolved compounds, have been used successfully to measure FIB growth/mortality 

rates in freshwater lakes and streams (Schumacher, 2003).  Such systems may prove 
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difficult to implement in the surfzone, however, due to the turbulent conditions. 

In light of the aforementioned complexity of FIB dynamics in coastal systems, 

the success of our simple dynamics-based models at Huntington Beach (CH 2-3) and 

our one-parameter generalized linear model (GLM) at Border Fields State Beach (CH 

5) in capturing FIB variability, is both surprising and comforting.  The success of these 

models suggests that although FIB dynamics are complex, it is likely that these 

dynamics are dominated by a mere handful of the many possible parameters affecting 

FIB.  It is notable that in both systems, the parameters identified as important were 

different.  Furthermore, the important parameters varied spatially – in the cross-shore 

at Huntington Beach and the alongshore at Border Fields State Beach.  In fact, at 

Border Fields State Beach, our model was  really onlysuccessful at one spatial location 

(which happened to contain the majority of the FIB signal).  The factors affecting 

background, lower frequency FIB contamination during this study remain unknown. 

By increasing our understanding of both the identity of, and interplay among 

processes that control FIB concentrations in coastal marine systems, the studies in this 

dissertation e bring us closer to our goal of constructing informed water-quality 

monitoring programs and predictive models that allow us to effectively track FIB in 

marine systems.  In order to translate between FIB and health risk, however, it is 

necessary to evaluate the survivorship of marine pathogens in much the same way this 

study evaluated FIB.  Although many in the field of water quality have become 

disenchanted with FIB as indicators of health risk (due to observations of 

environmental growth and/or the existence of non-fecal bacterial reservoirs like sand), 

we currently know too little about pathogen persistence in marine systems to infer that 
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these processes render FIB ineffective as indicators.  Recently, Staphylococcus (a non-

fecal pathogen) was observed to be correlated with Enterococcus in both seawater and 

sediment at several Southern California beaches (Goodwin et al., 2012).  Because the 

sources of Staphylococcus and Enterococcus are likely to be different, this correlation 

may reflect similar environmental survivorship and/or reservoirs, linking FIB to 

pathogens.  

Notably, not all pathogens are likely to be correlated with FIB in marine 

waters.  Thus, the connection between FIB and health risk is likely to be a function of 

the specific pathogens we are concerned with.  Human viruses are often the poster 

child of where FIB fail because they do not replicate in the environment and are often 

uncorrelated with FIB concentrations (Jiang and Chu, 2004; Choi and Jiang, 2005; 

Boehm et al., 2009).  This being said, Choi and Jiang (2005) showed that viral loads in 

two Southern California rivers were not only uncorrelated with FIB, but with health 

risk, due to tendency of our current genetic identification methods to detect non-

infectious, as well as infectious, viral particles.  Ironically, at this time we may 

understand more about what FIB mean for health risk, than specific pathogens.  Future 

efforts should focus on synthesizing FIB dynamics and pathogen dynamics in an 

environmental context (similar to what was done here with FIB alone) and linking all 

of this back to human health risk.  Beach managers have the unenviable job of 

translating complex environmental information into discrete, binary closure decisions. 

We have an obligation as scientists in a water quality field, to help make this process 

as painless as possible. 
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