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ABSTRACT

Natural waters serve as habitat for a wide range of microorganisms, a proportion of which may be
derived from fecal material. A number of watershed models have been developed to understand and
predict the fate and transport of fecal microorganisms within complex watersheds, as well as to
determine whether microbial water quality standards can be satisfied under site-specific meteorological
and/or management conditions. The aim of this review is to highlight and critically evaluate de-
velopments in the modeling of microbial water quality of surface waters over the last 10 years and to
discuss the future of model development and application at the watershed scale, with a particular focus
on fecal indicator organisms (FIOs). In doing so, an agenda of research opportunities is identified to help
deliver improvements in the modeling of microbial water quality draining through complex landscape
systems. This comprehensive review therefore provides a timely steer to help strengthen future
modeling capability of FIOs in surface water environments and provides a useful resource to complement
the development of risk management strategies to reduce microbial impairment of freshwater sources.
Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
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1. Introduction

Natural waters serve as habitat for a wide range of microor-
ganisms, a proportion of which may be derived from fecal material.
The presence of fecally-derived microorganisms (FMs) in an aquatic
environment indicates that a contamination pathway has con-
nected a fecal source in the landscape to the water environment.
FMs include pathogens, and microbes that are not pathogenic but
do indicate the presence of fecal contamination, e.g. Escherichia coli
and enterococci, commonly referred to as fecal indicator organisms
(FIOs) (Ashbolt et al., 2001; Noble et al., 2003). The presence of FIOs
does not confirm the presence of pathogenic microorganisms in the
water (Pachepsky et al., 2014); however, the presence of FIOs is an
indicator of the hygienic status of an aquatic environment and they
are used globally as a proxy in water quality standards. FIOs are
correlated with an increased risk to human health when detected
in higher concentrations in waters used for recreation, irrigation,
agricultural product processing, shellfish production, fishing and
domestic use. Public health risks are related to the presence of
microorganisms that are pathogenic to humans, for example, E. coli
0157:H7, Campylobacter jejuni and Cryptosporidium parvum, among
others, which can cause a variety of medical conditions leading in
some cases to death. Therefore, microbial quality of waters is an
issue of global concern both in terms of environmental standards
and the protection of health and wellbeing (WHO, 2014; CDC,
2015).

Microbial contamination of water sources is influenced by sur-
rounding land use, and both point and nonpoint sources are of
importance (Alderisio and DeLuca, 1999; Cho et al., 2010a, 2010b,
2012; Guber et al., 2006; Pachepsky and Shelton, 2011; Oliver
et al,, 2015). Various management practices have been developed
to improve microbial water quality, such as preventing direct input,
overland transport, and subsurface movement of FMs to water
sources. Laboratory and field experimentation and on-farm adop-
tion of such practices have shown that their efficiency is a complex
function of environmental and management conditions, and can
vary both spatially and temporally (Karim et al., 2004; Reinoso
et al.,, 2008). Therefore, various combinations of microbial fate
and transport controls have led to the development of mathemat-
ical models capable of generating “what if” responses to a range of
on-farm scenarios. Currently, the use of such models is an impor-
tant component in helping to guide microbial water quality eval-
uation and decision-making in order to meet those regulatory
requirements associated with water quality protection and man-
agement (Gronewold, 2009; Bougeard et al., 2011; Shoemaker et al.,
2005).

Before the last decade a number of comprehensive reviews of
modeling practices and perspectives have been published

(Jamieson et al., 2004; Benham et al., 2006; Pachepsky et al., 2006).
Recent legislative activity however, such as revisions to both the EU
Bathing Water and Shellfish Waters Directives (EUPC, 2006a,
2006b), and The Food Safety and Modernization Act (FSMA),
which requires the U. S. Food Drug Administration to establish the
FSMA Rule for Produce Safety (USFDA, 2011), has encouraged the
use of modeling as part of wider programs of integrated catchment
management. The current version of the FSMA rule has a provision
on microbial water quality that requires fresh produce farmers to
carry out (a) a baseline survey of the quality of their irrigation
water, (b) annual surveys, and (c) re-establishing a baseline in case
of significant contamination events outside of the farmer's control.
Some commodity groups and larger companies have established
their own requirements to safeguard the microbial quality of irri-
gation water, e.g. in the UK in 2004, the retailer Marks & Spencer
released a new code of practice called “Field to Fork” that required
all of their growers to test irrigation water for E. coli (Monaghan,
2006). Others, such as the restaurant chain McDonalds, use ‘Good
Agricultural Practices’ to set microbial standards for irrigation wa-
ter used for their produce (Allende and Monaghan, 2015). Com-
modity groups in California created the Leafy Green Products
Handler Marketing Agreement (LGMA) that adopted irrigation
water quality standards based on E. coli concentrations
(CSFSGLLGSC, 2006). Watershed-scale fate and transport modeling
has the potential to help determine whether these standards can be
met under site specific weather and management conditions, and
clearly offers advantages to drive forward the research agenda
associated with microbial quality of irrigation water (Pachepsky
et al,, 2011). In addition, recent developments in quantitative mi-
crobial risk assessment (QMRA) of surface water quality can pro-
vide an alternative modeling approach that is specifically linked to
human exposure. Thus, QMRA can explicitly include the watershed-
scale water quality models to project human exposure to contam-
inated bathing water (Whelan et al., 2014; Schijven et al., 2015). All
regulations and guidance regarding irrigation, recreational, and
shellfish water quality continue to be based on concentrations of
fecal coliforms, E. coli and in some cases enterococci; subsequently,
the overwhelming majority of watershed-scale modeling work also
involves this limited number of FIOs.

The aim of this review is to highlight and critically evaluate
developments in modeling of microbial water quality over the last
10 years, and to discuss directions for model development and
application, with a particular focus on FIOs (although considering
wider FMs where appropriate). Specifically, our objective is to re-
view progress in model development by focusing on a range of fecal
sources and subsequent FIO survival in soil, water and manure
matrices; release and transport of FIOs in runoff; processes in
receiving waters that affect FIO survival; and ultimately how
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modeled outputs relate to water quality standards. We first review
existing modeling systems, then consider components that had
recently become the subject of research for improvements, and
finally suggest an outlook of research needs and application feasi-
bility for modeling microbial quality of surface waters.

2. Components and compartments of current watershed
models

Watershed-scale modeling can include a range of components
from simulating surface runoff from soil through to FM fate and
transfer dynamics within a series of complex environmental
matrices (Fig. 1). The origin of fecal material in a watershed includes
fresh fecal material deposited directly by livestock and wild ani-
mals, and farm wastes such as manure and slurry that often con-
tains a mixture of feces, urine and bedding material, (Oliver et al.,
2007; Hutchison et al., 2005). Feces can be directly defecated into
waterbodies by animals (Sunohara et al., 2012), and manure or
effluent can accidently be delivered to water via spreading equip-
ment (Oliver et al., 2007). However, the application of fecal material
to land is the primary pathway for the deposition of FMs to the soil
surface. Following rainfall or irrigation, FMs can be mobilized from
their fecal source and partitioned into either particle-associated or
soil solution fractions, and be routed through or across the soil via a
range of different hydrological pathways, with their persistence
then determined by a range of biotic and abiotic factors within the
soil-feces mixture. Upon delivery to receiving waters, FM concen-
trations are influenced by additional factors, i.e. release from
resuspension of streambed sediments and hyporheic exchange, and
die-off and settling. We first review existing components and
compartments of current watershed models for simulating the fate
and transport of FMs in terms of FM behavior in animal waste and
soil, the processes of FM release and transport in runoff, and in-
stream processing of FM in receiving waters. Models that will be
reviewed are listed in Table 1. Some model acronyms below refer to
models with the FM transport component whereas others refer to
the hydrological model that serves as a driver for the FM fate and
transport model providing necessary water flow and hydrological
routing in the wider FM modeling framework.

The Soil and Water Assessment Tool (SWAT) is a simulation
watershed-scale model that operates on a daily time step. This

. Deposition
Survival
Above- l
ground

model divides a watershed into sub-basins using digital elevation
model (DEM) data with both stream network and sub-basin outlets.
Subsequently, sub-basins are subdivided into hydrologic response
units (HRUs). A single land use type, soil type, and management
regime are assigned to each HRU. The HRUs can be used to simulate
water flow, sediment transport, and fate and transport of nutrients,
pesticides and FM affecting water quality. For the latter, Sadeghi
and Arnold (2002) developed the FM sub model that enabled
SWAT to identify and estimate FM source loading in watersheds
(Bougeard et al., 2011; Coffey et al., 2010). Others have developed
SWAT further with the inclusion of an in-stream module to account
for in-stream processing of FMs (Cho et al., 2012; Kim et al., 2010;
Pandey et al., 2012), and fit-for-purpose testing of model applica-
bility in site-specific environments (Coffey et al., 2013; Iudicello and
Chin, 2013; Niazi et al., 2015; Tang et al., 2011). Using SWAT for
watershed modeling produces variable results depending on the
size of the watershed. SWAT has been deployed across HRUs
ranging in area from <0.01 km? to 500 km?, with the average area
of HRUs ranging from 0.08 km? to 4.2 km? (Kim et al., 2010; Niazi
et al., 2015; Pandey et al., 2012; Tang et al., 2011).

The Hydrological Simulation Program Fortran (HSPF) is a
continuous simulation, lumped parameter, watershed-scale model.
Any time step (minimum of 1 min) that divides equally into one day
can be used, although the typical time step used is 1 h. The sub-
basin is sub-divided into HRUs, defined as relatively homoge-
neous areas based on land use and hydrologic properties of both
pervious and impervious land, which HSPF can simulate separately.
This model was developed and applied to model fate and transport
of FIOs in watersheds to quantify the concept of the Total Maximum
Daily Load (TMDL) (Benham et al., 2006; Brannan et al., 2002; Chin,
2011; Desai et al., 2011; Hall et al., 2008) and source identification
(LaWare and Rifai, 2006; Moyer and Hyer, 2003; Petersen et al.,
2011; Rolle et al., 2012). The HSPF performance in establishing
TMDL has been evaluated, where the size of watersheds in simu-
lations of FIO fate and transport ranged from 23 km? to 3030 km?
(Im et al., 2004; Iudicello and Chin, 2013; Paul et al., 2004; Seong
et al, 2013), and the average size of single response units was
4.8 km? (Im et al., 2004).

The generalized watershed loading function (GWLF) model is a
continuous simulation, lumped parameter, watershed-scale model
that operates on daily (for weather and water balance calculations)

Survival in
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- T
mix S ans,oo,T deposition
Partitionin ©
-
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. = c
soil solution — | Transportin groundwater
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Partitioning Release due to sediment
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runoff and Hyporheic exchange
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and/or periphyton

Fig. 1. Pathway of fecal microorganisms including surface runoff from soil to survival in surface water bodies; green lines represent the pathway of fecal microorganism release and

transport and black lines point to specific fate-related process that need to be modeled.
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and monthly (for nutrient loads calculations) time steps. Sub-
basins are primary HRUs that are delineated based on different
land uses. This model was applied to simulate FM fate, and trans-
port of microorganisms specifically for the purpose of source
identification and quantification of Cryptosporidium parvum
(Walker and Stedinger, 1999) in the Catskill-Delaware watershed
that is part of the New York City water supply system.

The watershed assessment model (WAM) is a continuous,
geographical information system-based, watershed model that
operates on a daily time step. The entire watershed is sub-divided
into a regular rectangular array of cells according to user-defined
cell size. The GIS based version of the model was developed
recently (Bottcher et al., 2012). This model has been used to predict
FIO concentrations in streams in order to improve land manage-
ment strategies to reduce fecal contamination of waterways
(Collins and Rutherford, 2004; Tian et al., 2002). The size of wa-
tersheds in these applications of WAM were 2.6 km? (Collins and
Rutherford, 2004) and 1.4 km? (Tian et al., 2002).

The pathogen catchment budget (PCB) model is a watershed-
scale model that quantifies FM contamination from primary sour-
ces, including livestock and domestic animals, wildlife and waste-
water, i.e. wastewater treatment plant and on-site septic tanks
(Ferguson et al., 2007). The watershed in the model is subdivided
into sub-catchments, which are basic mass balance units defined by
slope of area, soil type, elevation, stream density and land use.
Different governing equations are used for different dominant
weather conditions. Ferguson et al. (2007) combined the PCB
model with a hydrological model to estimate pathogen budgets for
a large catchment (9050 km?) and to rank those sub-catchments
that would contribute the highest pathogen loads in dry weather,
and in intermediate and large wet weather events.

The RIVERSTRAHLER/EC model is a continuous simulation
watershed-scale model that operates on a daily time step (Ruelland
et al, 2007). The entire watershed is divided into connected
directional basins within the drainage network layer. Each cell is
sub-divided into an elementary watershed (EW) layer (derived by
DEM) based on land use and soil type. This model, coupled with the
fate and transport model SENEQUE-EC, was used to simulate sea-
sonal and spatial variations of microbial water quality in rivers in
order to assess the impact of land use and wastewater management
on E. coli concentrations (Ouattara et al., 2013; Servais et al., 2007).
The size of watershed in those two applications was 20,000 km?
and 75,000 km?, respectively. Ouattara et al. (2013) also coupled
the SENEQUE-EC model with a hydrodynamic model capable of
simulating E. coli fate and transport in estuarine and ocean domains
(de Brauwere et al., 2014).

The SIMHYD model is a continuous simulation, lumped-
conceptual, watershed-scale hydrological model that operates
with a daily time step. It incorporates three stores: an interception
store, soil/vadose zone store and a groundwater store. This model
was combined with the fate and transport model which simulates
the E. coli build up in a watershed governed by the amount of fecal
material deposited by animals or humans and the reduction in
E. coli numbers due to desiccation, predation, or other factors. The
runoff of E. coli from a catchment is modeled as a function of the
kinetic energy of rainfall dispersing the fecal material and the
resulting flow removing E. coli from the watershed. The resultant
SIMHYD-EG model was applied to predict E. coli export from large
watersheds (Haydon and Deletic, 2006) and source identification
(Holz, 2010). The size of watersheds modeled ranged from 0.12 km?
to 119 km?.

The storm water management model (SWMM) simulates sur-
face runoff quantity and quality driven by a single rainfall event or
continuous rainfall events on an hourly or daily time step
(Rossman, 2010). The model represents a watershed as a series of

hydrologically connected sub-watersheds. This model has been
applied in simulations of fate and transport of FIOs in different
watersheds in TMDL development (Bai et al., 2006). The watershed
sizes ranged from 0.36 km? to 223 km?, with average sizes of the
hydrological response unit reported as being 0.73 km? (USEPA,
2000).

WATFLOOD is a continuous simulation, flood flow forecasting,
watershed-scale, hydrological model that operates on time steps
ranging from 1 h to several weeks (Kouwen and Mousavi, 2002).
The entire watershed is divided into grid cells, which are then
grouped by land use. The hydrologic response is obtained by
calculating the response for each of the land cover classes within a
cell and then weighting the response by land cover area fractions
within the grid cell. This model, coupled with a pathogen fate and
transport model, was used to simulate fate and transport of path-
ogens for the purpose of source identification in watersheds used
for drinking water supply (Dorner et al., 2006) and to determine the
magnitude of FM contributions from sediments (Wu et al., 2009).
The size of watersheds in these studies was 130 km? and 186.7 km?,
respectively.

The framework for risk analysis in multimedia environmental
systems (FRAMES) is a component-based, software framework for
integrating models (e.g., watershed model, groundwater model,
surface water model, and exposure/risk model) and environmental
databases such as meteorological data, population statistics,
geographical information, chemical toxicity, and exposure param-
eter (Rose et al., 1987, Roser et al., 2006; Soller et al., 2006). QMRAs
based on FRAMES were applied to evaluate potential health risk by
exposure to recreational waters affected by microbial contamina-
tion originating from further up the watershed (Whelan et al.,
2014). The size of watersheds used to evaluate the model was
highly variable according to the literature ranging from 0.72 km? to
1561.6 km?.

Wilkinson et al. (2011) developed a continuous simulation
model that emphasized the role of the streambed for transferring
FIOs to the water column during storm flow events. This model,
unlike most of above models, used very short time steps — from a
quarter of an hour to 1 h — in order to more accurately capture
storm flow dynamics and the corresponding release of FIOs from
stream sediment storage. The model considered E. coli fate and
transport in riparian pasture, stream water, and streambed sedi-
ments. The entire watershed is divided into sub-catchments as the
basic calculation unit, and the time step increases as the simulated
area increases. The dynamics of E. coli in rivers is determined
differently for dry and wet weather conditions as die-off rates are
controlled by, among other things, sunlight intensity, UV radiation
and temperature. The size of the watershed used in this model was
2074 km? and the size of the basic calculation unit was 109.2 km?
(Wilkinson et al., 2011).

The commercially available code MIKE SHE has the pathogen
fate and transport add-on; however we are not aware of peer-
reviewed publications where that code has been used in
watershed-scale microbial fate and transport modeling. QMRA-
catch is a continuous simulation model that simulates microbial
water quality in an environmental system containing a floodplain
and main river, where the floodplain can receive feces from direct
deposition and receive overflow from the river. Human, wildlife
and bird fecal deposits at the floodplain are considered, and all fecal
deposits are re-suspended when flooding occurs. Bank filtration is
accounted for, and infection risk assessment computations are
included. This model was used at the site at the River Danube near
Vienna, Austria (Schijven et al., 2015).

The WALRUS model is a parametric conceptual rainfall-runoff
model that is suitable for lowlands where shallow groundwater
and surface water influence runoff generation. The model consists



Table 1

Fecal organism modeling approaches in most used watershed scale models.

Model Processes in animal waste and soil Processes of release and transport in runoff Processes in receiving water
Survival in manure Survival in soil Sorption in soil Transport in Release from  Release from  Delivery to Fate in stream Fate in Exchange In-stream Transport
and animal waste soil and the animal the soil stream with water column sediment between microbial via ground-water
unsaturated waste or reservoir overland flow sediment and  transport
zone manure water column
reservoir
Original SWAT®  Die-off with Die-off with Linear Loss from the ~ Wash-off Release of Released Die-off with the None None Convective None
first order kinetics first order partitioning soil mixing fraction planktonic bacteria are first order
kinetics between solid layer proportional to partitioned into kinetics
and liquid soil proportional to the bacteria the fraction
phases bacteria number on the delivered to
concentration surface and main channel
and infiltration runoff depth  and the fraction
Release of and stored for
adsorbed the future
bacteria is delivery
proportional to
the adsorbed
bacteria
number and the
sediment yield
Modified SWAT®  Same as above Same as above Same as above Same as above Same as above Same as above Same as above Sine function of Release with Convective None
time resuspended
bottom
sediment and
deposition
Modified SWAT®  Same as above Same as above Same as above Same as above Same as above Same as above Same as above Temperature- Release with ~ Convective None
dependent resuspended
growth bottom
sediment and
deposition
Hydrologic None Daily removal Linear None None bacterial Released Die off with the None None Convective Release
Simulation rate partitioning release bacteria are first order from active
Program in between solid estimated by  partitioned into kinetics ground-water
FORTRAN and liquid soil the amount of the fraction discharge
(HSPF)¥) phases overland flow delivered to
generated and main channel &
the the fraction &
susceptibility of stored for the
the bacteria to future delivery
wash-off
Watershed None Die-off with the None None Release None The fraction of Die-off with the None None Convective None
Assessment first-order proportional to released first order
Model (WAM)®© kinetics the bacteria bacteria that is kinetics
number on the delivered is
surface and proportional to
runoff depth the runoff
volume
WATFLOOD None Die-off with None Mass balance in None The power law All released Die-off with the None Deposition Convective Accumulation
first order unsaturated function of the bacteria are first order in ground-water
kinetics. zone shear stress delivered on kinetics without effect
the same time on stream-
step water
SWMM® None None None None Release None All released None None None Convective None
proportional to bacteria are
the power law delivered on

function of the
runoff & to the
bacteria umber
on the soil
surface.

the same time
step

(474

95—8¢ (910Z) 001 Y2.0asay 131D / D 32 0YD “H)



Pathogen
Catchment
Budgets

(PCB)W

FC-

RIVERSTRAHLER
()

GWLF-00CYST
MODEL @

FRAMES®

SIMHYD-EG

Wilkinson et al.
(2011) (M

QMRAcatch™

WALRUS©®

Die-off with the
first order kinetics.

None

Die-off with the
first order kinetics

None

None

Die-off with first
order kinetics

Die-off with first
order kinetics

Die-off with first
order kinetics

Die-off with
first order
kinetics

None

None

Die-off with
first order
kinetics

Die-off with
first order
kinetics

None

None

None

Linear
partitioning
between solid
and liquid soil
phases

None

None

Linear
partitioning
between solid
and liquid soil
phases

None

None

None

None

None

None

None

None

Loss from the
soil mixing
layer
proportional to
bacteria
concentration
& infiltration

None

Not reported

None

Release
proportional to
the amount of
manure on the
surface &
effective
rainfall

Release
depends on the
landuse class

Fraction of
manure left
after release
decreases
exponentially
with the runoff
above
threshold
None

Release
proportional to
the power law
function of the
runoff & to the
bacteria
number on the
soil surface
Release
proportional to
the bacteria
number in the
pasture area
and the annual
runoff yield
Wash-off
fraction

Bradford-
Schilven model

None

None

None

Release
proportional to
concentration
in the liquid
phase and peak
runoff rate
None

None

None

None

All released
bacteria are
delivered on
the same time
step

All released
bacteria are
delivered on
the same time
step

All released
bacteria are
delivered on
the same time
step

All released
bacteria are
delivered on
the same time
step

All released
bacteria are
delivered on
the same time
step

All released
bacteria are
directly
delivered on
the same time
step

Released
bacteria are
partitioned into
the fraction
delivered to
floodplain river
and the fraction
stored for the
future delivery
Partitioned to
quick flow and
surface water
supply

Die-off with the None
first order
kinetics

Die-off with the None
first order
kinetics

Die-off with the None
first order
kinetics

Die-off with the None
first order
kinetics

Not reported  None

Die-off with
first order
kinetics

Die-off with the None
first order
kinetics

Die-off with the None
first order
kinetics

Die-off with
first order
kinetics

Deposition or
bind

None

Settling

None

None

Release from
the bottom
sediment and
settling

None

None

Convective None
Convective None
Convective None
Convective - None
dispersive

Convective None
Dispersion None

simulated as a
result of mixing

Convective Log removal
via bank
filtration

Convective None

Sources (a) Bougeard et al., 2011, Coffey et al., 2010, 2013, Sadeghi and Arnold, 2002, Iudicello and Chin, 2013, Niazi et al., 2015, Tang et al., 2011, (b) Kim et al., 2010, (c) Pandey et al., 2016, (d) Brannan et al., 2002, Benham et al., 2006,
Moyer and Hyer, 2003, Paul et al., 2004, Im et al., 2004, LaWare and Rifai, 2006, Hall et al., 2008, Petersen et al., 2011, Chin, 2011, Desai et al., 2011, Seong et al., 2013, Rolle et al., 2012, (e) Collins and Rutherford, 2004, (f) Dorner et al., 2006,
(g) Gautam et al., 2006, (h) Ferguson et al., 2007, (i) Servais et al., 2007, (j) Walker and Stedinger, 1999, (k) Whelan et al., 2014, (1) Haydon and Deletic, 2006, (m) Wilkinson et al., 2011, (n) Schijven et al. (2015), (o) Sterk et al. (2016).
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of three reservoirs, soil, quick flow and surface water. This model
was supplemented with FM fate and transport modules and
applied to evaluate effects of climate change on Cryptosporidium
and Campylobacter runoff within small watersheds in the
Netherlands (Sterk et al., 2016).

2.1. Survival in manure and animal waste

FIO survival in manure or animal waste is simulated as the net
result of simultaneous growth and inactivation, which leads to the
rate of overall die-off. All watershed-scale models listed in Table 1
use the first order kinetics equation known as Chick's law:

dN
qr= kN (1)
where N is the total mass or count of microorganisms, k is the
survival rate (d~1), and t is time, (days). Here and below, units of
mass or counts of microorganisms (N) is defined by the analytical
procedure, e.g. N can be the number of colony forming units (CFU)
or the most probable number (MPN).
The commonly used finite-difference analog of the Eq. (1) is

N(t) = N(t — 1)(1 — w) (2)

where t is time (days), w is the daily die-off fraction (-), w = exp
(—k). Various watershed quality models handle differently the de-
pendencies of the survival rates on the environmental conditions.
In particular, the PCB model (Ferguson et al., 2007) does not ac-
count for the effect of temperature on FM survival rates. Walker and
Stedinger (1999) applied the GWLF- OOCYST model in which they
used the power-law dependence of the survival rate of Cryptospo-
ridium parvum in the form:

k = 100.058T—2.68 (3)

where T is temperature (°C). As shown by Blaustein et al. (2013), all
power-law dependencies of the survival rate on temperature are
approximations of the Arrhenius-type equation

k = kyof" 20 (4)

where kg is the survival rate at 20 °C, # is the temperature
correction parameter (—). Presentation of Eq. (2) in the form of Eq.
(3) results in values of 6 = 1.143, k¢ = 0.030. The reported survival
rate (k) values range from 0.016 to 0.200 d~! (Table 2).

2.2. Survival in soil

The HSPF and PCB models define the daily removal rate (or
fraction removed daily) to estimate FIO die-off, while Eq. (1) is the
most common model used in simulation of FIOs in soils (Table 1).
The differences between different watershed scale models are in
the way the survival rate k is related to environmental conditions.
The SWAT model uses Eq. (4) to describe the temperature effect.
The value of 4 is an adjustable parameter. Different values of ko can
be used for adsorbed and planktonic (free-floating) microorgan-
isms. The WAM model (Collins and Rutherford, 2004) employs the
dependence of k on both temperature and solar radiation in the
form:

R T

where Kz (M] m~2 d~1) and K (°C) are constants. Another method

of combining radiation and temperature conditions to estimate the
survival rate was suggested by the authors of the SIMHYD model
(Haydon and Deletic, 2006) who set the k value to be a power-law
function of the potential evapotranspiration. The above approaches
lead to daily changes in values of k. However, less variable survival
rates have also been utilized. The WATFLOOD model (Dorner et al.,
2006) was successfully applied to predict Cryptosporidium oocyst
transport with values of k that varied by season. Applications of Eq.
(1) with the year-round constant value of k can also be found (e.g.
Whelan et al.,, 2014). Table 2 shows the substantial variability
among the reported kinetic constant values used in this model,
ranging from 0.002 d~' t0 3.99 d".

2.3. Sorption in the soil reservoir

Linear partitioning is a commonly used method to distribute
FMs between solid and liquid soil phases, as shown in Table 1, but
some difference is found among models with regard to using this
method. The method used in SWAT is not a common application of
the adsorption model because no redistribution between solid and
liquid phases occurs after partitioning as concentrations in both
phases change during die-off (Benham et al., 2006). SWAT does not
have user controls to regulate the distribution of FMs between
adsorbed and liquid phases. The PCB model assumes that the total
number of FMs adsorbed by particles is the same as that of the
liquid phase. The FRAMES model (Whelan et al., 2014) uses linear
partitioning, where land application, grazing cattle and microbial
loading is accounted for as storage in the solid phase until the next
storm event, at which time it is linearly partitioned between solid
and liquid phases:

MCT MCT
My = T _ 6
" TIRK, 14 M 6)

where Mcr, Mcy, and Mc;s are total, liquid phase, and solid phase
microbial concentrations, respectively, and Ky is the dimensionless
distribution coefficient.

2.4. Transport in the soil column

Water infiltration through soil can transfer FMs from the soil
surface down to the subsurface zone, although few watershed
models simulate this transport mechanism (Table 1). SWAT and
SIMHYD-EG models estimate FM loss from the soil mixing layer as
being proportional to the FM concentration as a product of the
water infiltration rate. The default proportionality coefficient of
0.15 has been suggested (Arnold et al., 2011). The WATFLOOD
(Dorner et al., 2006) model includes mass balance for Cryptospo-
ridium oocysts in three soil storage layers: the saturated upper zone
storage, the unsaturated intermediate zone storage, and the satu-
rated lower zone storage. This model assumes convective transport
of FMs from one layer to another, and states that only a fraction of
water fluxes from layer to layer carries oocysts.

2.5. Release from animal waste and manure reservoirs

A general conceptualization of FM release and removal at field
or pasture scale is shown in Fig. 2. In general, two FM reservoirs can
be considered: the aboveground reservoir @ releases FMs in sus-
pension to the soil reservoir and to runoff (pathways a and b in
Fig. 2, respectively); and the soil reservoir can release FMs to runoff
in suspension from soil solution and with soil particles (pathways c
and d in Fig. 2, respectively). Parts of the soil reservoir may also
receive FMs from runoff with infiltrating suspension and settling
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Examples of FIO survival rates above ground, and in soils, water column, and sediment.

Authors

Linked model

Microorganism group

Bacteria survival above
ground and in soil

Bacteria survival in
water

Bacteria survival in sediment

Bougeard et al. (2011) Original fecal 0.016 d~! (foliage) 0.35-1.030d! —
SWAT coliforms 0.023—-2.010 d~! (soil)
Chin (2011) fecal 0.096 d~! (soil) 1.07d7!
coliforms
Coffey et al. (2013) E. coli 0.2 d~! (foliage) 0.06d"! -
0.06 d~! (soil)
Iudicello and Chin (2013) fecal 0.00-3.99d"! 0.00-0.128 d~! -
coliforms
Niazi et al. (2015) fecal 0.3-0.5 03-0.5 -
coliforms (E. coli) (fecal coliforms)
E. coli
Tang et al. (2011) Cryptosporidium 0.02 d~! (foliage) - -
1.4 d " (soil)
Kim et al. (2010) Modified E. coli — — Sinusoidal functions
Cho et al. (2012) SWAT Fecal — 0.99 Sinusoidal functions
coliforms Solar intensity
coefficient [m?/M]/day]
Pandey (2012) E. coli 0.055d~! 0.003—0.13d!
Moyer and Hyer (2003) Hydrologic fecal 01d! 114! -
Simulation coliforms
Paul et al. (2004) Program in fecal — 04d! —
FORTRAN coliforms
Im et al. (2004) (HSPF) fecal - 0.70-2.35d"! -
coliforms
LaWare and Rifai (2006) fecal — 05d! —
coliforms
Hall et al. (2008) fecal - 0.75-1.15d"! -
coliforms
Petersen et al. (2011) E. coli - 1.0d7! 0.02d!
Chin (2011) fecal - 424! -
coliforms -
Desai et al. (2011) E. coli - 0.8d! 0.011-0.111d"
Seong et al. (2013) fecal - 1.15d7! -
coliforms
Iudicello and Chin (2013) fecal - 0.10-5.75d"! -
coliforms
Rolle et al. (2012) fecal - 25d7! -
coliforms
Collins and Rutherford (2004) Watershed Assessment  E. coli 0.15-0.5d"" — —
Model (WAM)
Dorner et al. (2006) WATFLOOD Cryptosporidium 0.01-0.06 d! 0.01-0.06 d! —
Giardia 0.02-0.05d"! 0.01-0.02d"! -
Campylobacter 0.08d! 0.04-0.08 d~! -
E. coli 0.01-0.02d"! 0.04-0.06 d~! -
0157
Gautam et al. (2006) SWMM fecal 0.05-4.0d"" -
coliforms
Ferguson et al. (2007) PCB Cryptosporidium, 0.02d! — —
Giardia
E. coli
Servais et al. (2007) RIVERSTRAHLER-EC E. coli 0.54 d!at 20°C 0.108 d~'at 20 °C
Servais et al. (2007) RIVERSTRAHLER/FC Fecal 1.08 d'at20°C - -
coliforms
Walker and Stedinger (1999)  GWLF- OOCYST MODEL  Cryptosporidium 0.002-0.003 d! 0.011-0.013d! -
Whelan et al., 2014 FRAMES E. coli 0157:H7 0.16 0.54 —
Salmonella 0.23 1.30 —
Cryptosporidium 0.04 10 -

’Rru'n‘off, -

Fig. 2. Pathways of microorganism release and removal; ® and @ - above ground and belowground (soil) reservoir, respectively.; a — release in suspension to soil, b — release in
suspension to runoff, c — release in suspension from soil to runoff, d — release adsorbed microorganisms with soil particles to runoff, e — infiltration with runoff suspension, f —
settling with sediment particles, g - overall removal (or export) from the application site.



46 K.H. Cho et al. / Water Research 100 (2016) 38—56

sediment (pathways e and f in Fig. 2, respectively), but these
pathways are not usually considered in watershed-scale models.

Watershed-scale models are mostly concerned with the total FM
removal flux (g in Fig. 2), which enters receiving waters or buffer
vegetation. Several watershed-scale models consider a single fecal
reservoir that combines FMs in soil and aboveground manure or
animal waste. One argument in favor of this simplification is that,
although the two-reservoir representation may provide a better
qualitative reproduction of microbial release kinetics, it may be
difficult to calibrate the two-reservoir model without having a high
correlation of the parameters of the different pathways in Fig. 2
(Muirhead and Monaghan, 2012).

In the SWAT model the aboveground reservoir also represents
FIOs on foliage. The daily wash-off fraction f is the parameter to
simulate FIO release according to this pathway in Fig. 2. This
parameter is not affected by the rainfall intensity or duration. SWAT
does not simulate pathway b (Fig. 2). The WAM model does not
have the belowground reservoir and simulates FIO release during
runoff (pathway b) as:

R
R R<K
f:{K’ < (7)
1, R>K

where fis the fraction of FIO in aboveground reservoir released (—),
R is the daily runoff depth (mm), K is the parameter (mm day 1),
FIOs are fully removed if runoff exceeds the value of K. The SWMM
model simulates only pathway b and employs the power-law
dependence of the release fraction f on the runoff rate r in the
form f = Cyr%. Calibration of this model produced the value of
Cy = 1.1 for agricultural areas (Gautam et al., 2006), and therefore
the linear approximation f = C;r might be applicable in such areas.
Such linear approximation is adopted in the PCB model which
mobilizes FIOs from manure in proportion to the effective rainfall
rather than to the runoff depth. The effective rainfall is defined as
the rainfall that relates to stream flow, and can generally be larger
than the runoff volume. The GWLF-OOCYST model computes the
fraction of the manure left after release, i.e.

1-f=1-exp[—aR—-Rp)] (8)

where R is the daily runoff (mm), and Ry is the threshold daily
runoff value below which no manure and Cryptosporidium oocysts
are washed off. Table 1 in the work of Walker and Stedinger (1999)
indicates that the product «(R — Rp) can be small enough to apply
the Taylor expansion in the Eq. (8) that again leads to linear
dependence;

f= aR-Ro) (9)

This appears to be the only release model which uses explicit
dependencies of the release parameters « and Ry on the age of
manure. The model SIMHYD-EG simulates the release with the
power-law dependence of the released fraction as a fraction of the
overland flow input in total flow. The exponent value in this power
law dependence has not been reported, and it is not clear whether
the linear relationship between the fraction of released FIOs and
runoff was acceptable in case studies.

Overall, the majority of models use the linear dependence of the
released fraction of FIOs on runoff depth or on runoff rate. In a large
scale study in a watershed of over 75,000 km?2, the RIVER-
STRAHLER/FC model (Servais et al., 2007) assumed microbial con-
centration in runoff to be a function of land use type, rather than a
function of the application rate of a specific manure or animal
waste. The FIO concentrations by land use were 100 per 100 ml in
forests and on cultivated lands, 1000 per 100 ml on pastures, and

5000 per 100 ml in urban areas (Servais et al., 2007).

2.6. Release from the soil reservoir

Export of FMs from manure or animal waste deposited on soil is
mostly modeled as microbial release to surface runoff, i.e. cells in
suspension in soil solution or bound to sediment particles. The
linear relationship between the microbial fraction released in soil
solution and the runoff depth is adopted in the SWAT model. The
fraction of FIOs removed from the soil solution mixing layer near
the soil surface is defined as:

$ = R/(pdx) (10)

where R is the daily runoff depth (mm), p and d are soil bulk density
(mg m~3) and thickness of the soil surface mixing layer (mm), « is
the microorganism-soil partitioning coefficient (—). In the HSPF
model, the fraction removed from the surface storage is estimated
as

s=1—exp(—BR) (11)

where R is runoff depth, and § is the parameter that characterizes
the susceptibility of microorganisms to runoff (mm~!). When gR is
small, the HSPF formulation leads to the approximate expression

s=fR (12)

Therefore, results of application of SWAT and HSPF expressions
should be similar if 8 = 1/(pdk). Both models also account for FIOs
attached to sediment particles that subsequently become sus-
pended in runoff. The WATFLOOD model relates microbial release
from particles to the dominant shear stress, which in turn appears
to be a function of the land slope and runoff water layer thickness.
Whereas the model FRAMES relates the released microbial frac-
tions to the peak runoff rate rather than to total runoff.

The specific release of FIOs in runoff suspension attached to
sediment is simulated in models that distinguish microorganisms
in pore solutions and microorganisms attached to soil particles.

In particular, the SWAT model utilizes the loading function
defined as

b = ¢BS (13)

where b is the mass or count of microorganisms removed in sedi-
ment from unit area (N m~2), B is the mass or count of attached
microorganisms in soil mixing layer per unit of soil mass (N mg 1) S
is the sediment yield per unit area (mg m~2), ¢ is the enrichment
ratio estimated as a power law function of the concentration of
sediment in runoff (-):

-0.25
£ = 0.78(1032) (14)

where R is the runoff depth (mm).

2.7. FM delivery to streams via overland transport

Watershed models mostly assume that all FMs are released from
the soil surface layer and are delivered to stream channels on the
same time step. However, the SWAT, HSPF and WAM models apply
partitioning to estimate (a) the portion of released FIOs delivered to
main channels on the day of release, and (b) the portion of FIOs
stored for future delivery to stream channels. The most elaborate
approach is taken in the WAM model where the delivery of FIOs is
determined by slope, proximity to stream, and flow accumulation.
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2.8. In-stream processes

The majority of watershed models determine the fate of in-
stream FIOs with the application of the first-order kinetic, which
is influenced by meteorological conditions, i.e., temperature and/or
radiation. The SIMHYD-EG model estimates microbial die-off
expressed as a function of the potential evapotranspiration (PET),
as this variable influences factors affecting die-off rate (Haydon and
Deletic, 2006). The HSPF and SWAT use the first order kinetic
equation to estimate die-off, which is adjustable by changing
temperature (Cho et al., 2016). The WAM model also considers the
dependence of k on both temperature and solar radiation, whilst
the WATFLOOD model differentiates between the die-off constants
for different seasons. The RIVERSTRAHLER/EC model gives a die-off
rate of 45 x 1073 d~! for a large drainage network at 20 °C, but
corrects this value for other temperatures T (°C) and specific flow
rates q (L s~ 1) using the composite variable q -exp(—(T — 25)%/400).
The die-off rate values in the GWLF-OOCYST and FRAMES models
do not have any dependencies on meteorological conditions.

The result of simultaneous action of growth and die-off in sed-
iments was simulated by Kim et al. (2010) who assumed sinusoidal
E. coli dynamics in streambeds and improved the accuracy of SWAT
in a pasture-dominant watershed. The streambed sediment E. coli
concentrations sampled at three sites were fitted as a sinusoidal
function as follows;

days —c3

log C = ¢y -sirl(cz-T 77) + ¢4 (15)

where ¢y = 1.543 is the amplitude, c; = 2.194 is the angular fre-
quency, c3 = 187 is the phase, and c4 = 3.870 is the bias. Substantial
improvement was achieved in E. coli concentration simulations.
Pandey et al. (2016) proposed the first model of FIO growth rate in
sediments in the form:

8 = tmax[Cr1 (T — Tinin)*(1 — exp(Cr2(T — Tmax))))? (16)

where umax is the maximum growth rate (day_1); Cr; and Cr, are
coefficients; Tpin and Tpyax are the minimum and maximum growth
temperatures (°C); and T is stream water temperature (°C).

Some watershed models include microbial exchange between
sediment and the water column as a result of deposition or re-
suspension. The modified version of the SWAT model proposed
by Kim et al. (2010) included an exchange module to estimate the
impact of the streambed sediment re-suspension or deposition on
microbial water quality. The PCB model utilizes a parameter (F)
which controls the probability of FM being deposited or bound to
streambed sediment. In contrast, the GWLF-OOCYST model simply
assumed the value of settling velocity of Cryptosporidium oocyst to
estimate the amount of oocysts likely to settle. The model of
Wilkinson et al. (2011) computes the remobilization of E. coli from
the streambed storage on rising flows with the rate proportional to
the flow increment and the content of FIOs in the sediment reser-
voir; the model also considers the rate of settling proportional to
the water depth. In-stream transport is most often simulated as
convective transport in the majority of watershed-scale models.
The FRAMES model explicitly includes convective-dispersive
transport and the Wilkinson et al. (2011) model simulates mixing.

2.9. Transport in groundwater

Among the surveyed watershed models (Table 1), the HSPF and
WATFLOOD models both account for microbial transport through
groundwater. The HSPF model includes the contribution of
groundwater transport on microbial concentration during

baseflow, while the WATFLOOD simulates the accumulation of
microorganisms in aquifers, but does not consider the microbial
transport in groundwater to stream water.

2.10. Parameter ranges in watershed models

The important feature of parameter values in watershed models
is the large range of variation of site-specific parameters describing
the same process. Two orders of magnitude appear to be a typical
range. For example, using default values of k = 175, d = 10, and
assuming p = 1.5, the removal fraction from Eq. (12) gives
s = 0.00038R. On the other hand, using the default value of 25 for K
in Eq. (7), one obtains the microbial removal fraction f = 0.04R. High
variability has been found for FIO die-off rate kinetics (Table 2). A
similar range of variation was reported in meta-analysis works for
E. coli survival in soils (Park et al., 2016), water (Blaustein et al.,
2013), and livestock waste (Franz et al., 2008). E. coli adsorption
to soil particles occurs with widely varying partitioning coefficients
from 2 m> kg~ in sandy soils to 60 m3 kg~ in clay soils (Pachepsky
et al., 2006).

3. Process-based models to address less common conditions
and special cases

Rates of processes in the existing suite of watershed models are
often considered to be independent of a number of environmental
variables such as salinity, solar radiation, pH, rainfall duration and
turbidity. This assumption tends to hold true if those environ-
mental variables stay in typical ranges. However, if these variables
appear to be outside of typical ranges, the rates of processes
affecting FM fate and transport become dependent on these vari-
ables. This section provides examples of this and discusses some of
the trends found for such dependencies.

3.1. Release from the above ground fecal reservoir

Surface applied manure and livestock waste deposited on
pasture contribute to an aboveground fecal reservoir. In watershed
scale modeling, the release of FMs from a fecal reservoir or matrix is
generally described using the exponential model (Eq. (1)). How-
ever, there are environmental conditions under which the expo-
nential model fails to perform as a satisfactory predictor. Such
environmental conditions include short, high intensity rainfall
events and very long rainfalls of moderate intensity (Blaustein et al.,
2015a,b,c). During these type of events, the Bradford-Shijven model

N_ 1 (17)
No (1 + kpBW)?

provides better results (Blaustein et al., 2015a, 2015b). In Eq. (17),
Np is the initial total count of FMs in applied animal waste, N is the
total count of released FMs, W is the rainfall depth (mm), kj,
(mm~") and 8 (=) are release parameters. This model and its
modifications (Whelan et al., 2014; Guber et al., 2007, 2013) per-
formed better than the exponential release model when investi-
gating FM release using small plot studies but it has also been
tested at larger watershed scales when accommodated within the
WALRUS model (Sterk et al., 2016).

3.2. Survival in the aboveground fecal reservoir

Fecal reservoirs accumulate on grazed pasture due to the sub-
stantial amounts of livestock waste that are deposited over time
through direct excretion (e.g. cowpats). This is different from
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manure applications where the presence of a significant fecal
reservoir above the soil surface can be ignored. This is because
manure applications are usually followed by incorporation (e.g.
ploughing into soil) for solid manures or infiltration for liquid
manures and slurry.

Biphasic kinetics have been reported for FIO survival in fecal
reservoirs. Oliver et al. (2010) reported that the use of first-order
kinetic equations could result in an underestimation of E. coli
burden attributed to the land reservoir, mainly because of growth
and re-growth of E. coli in feces post-defecation. The survival model
suggested by Oliver et al. (2010) was:

Ex) = Einx) + Ex - 1) x e b

+ ERx) (18)
where E(y) is the total number of the E. coli stored at a pasture on
day x (CFU or MPN), Ej; is the E. coli input of fresh deposits (CFU or
MPN), b is the die-off rate on day x (—), and ER is the magnitude of
daily E. coli growth for the same day (CFU or MPN). Martinez et al.
(2013) indicated that the net difference between daily FIO growth
and die-off appears to be a function of temperature. Using data
from Martinez et al. (2013), the daily change in logioC can be
computed as:

Alog1oC = (—0.394 + 0.073T — 4.20e-3T2 + 1.01e-4T3 — 8.63e-
7T4)(1.48)1-20)10 (19)

where T is temperature (°C). The R? value of Eq. (19) was 0.80
within the temperature range from —10 to 22 °C.

Meteorological factors other than temperature affect long term
FM survival in cowpats under field conditions. Soupir et al. (2008)
explored both first-order and higher-order approximations to es-
timate E. coli and enterococci die-off coefficients impacted by
weather variables under field conditions. Their study demonstrated
that a higher-order approximation with inclusion of weather vari-
ables was better for modeling the re-growth and die-off trends of
FIOs. Data from this work, shown in Table 3, suggest that the
meteorological variables (temperature, relative humidity, rainfall,
and solar radiation) can have the opposite effect on FIO survival
during different seasons, though it is noted that the initial FIO
growth was ignored in the regression analysis developed by Soupir
et al. (2008).

Presence of shade appears to be an important factor that can
influence FIO die-off in the field. Van Kessel et al. (2007) compared
the die-off rates of fecal coliforms and E. coli within shaded and
unshaded cowpats under field conditions, and concluded that in
shaded cowpats, the die-off of FIOs was significantly slower, rela-
tive to the unshaded cowpats. This may have significant implica-
tions with respect to wildlife sources of FIOs, and FMs in general,

Table 3
Best estimates of seasonal E. coli die-off (natural logarithm of E. coli (CFU (g dry
weight)™1)) by higher-order approximation and including weather parameters

(Soupir et al., 2008).

Variable® Spring Summer Fall Winter
Intercept 7.269 10.57 18.22 18.19

t 0.2502 —0.1066 -0.2226 0.4381

2 —1.20E-02  2.90E-04 1.53E-03 —6.97E-03
t 1.32E-04 0 —3.72E-06  2.79E-05
t —4.57E-07 0 0 0
Temperature, °C 0.1839 0.3842 0 —0.1881
Relative humidity (%)  6.18E-02 —-6.93E-02 0 0

Rainfall (cm) —8.89E-02  0.4536 0 0.3509
Solar radiation (M]) 0 0 0 —3.493

2 Temperature, previous week high; relative humidity, previous week average;
rainfall, previous week total; solar radiation (M]), previous week high, t — time, days.

due to the likely deposition of fecal material in shaded riparian
areas.

In some cases, watershed modeling uses die-off rates derived
from laboratory studies carried out at constant temperature. Van
Kessel et al. (2007) concluded that E. coli die-off rates were
significantly lower under laboratory conditions relative to variable
field conditions. It has been suggested that temperature oscillations
typical of field conditions may speed up FIO inactivation since
under such conditions FIOs would likely have to use additional
resources to adapt to the continuously changing environment
(Semenov et al., 2007). Exploring the impacts of environmental
fluctuations on FIO persistence under more controlled conditions
would provide useful evidence to support or reject this hypothesis.

3.3. Retention in the soil reservoir

Watershed-scale models have to simulate fate and transport of
FMs that, after being released to soil, can remain in upper soil
surface layers for potential entrainment into surface runoff when
hydrological conditions are sufficient to detach or remobilize cells.
Attachment of FMs to organic and inorganic particles is one of the
mechanisms that is likely to promote FM retention on the soil
surface.

The linear isotherm equation

S=Kqc (20)

is widely used to model attachment of FIOs to such particles
(Ling et al,, 2003; McGechan and Vinten, 2004). Here, S is the
concentration of FIOs attached to particles (CFU 100 ml~1), Kq is a
distribution coefficient (CFU mg ' and c is particle concentration in
solution (mg 100 ml~1). Coefficient Ky is related to the clay per-
centage in soil as Kq = A(CLAY)® where CLAY <50, and parameters
A=10"16%09 3nd B =1.98 + 0.7 for E. coli (Pachepsky et al., 2006).
Guzman et al. (2012) found that the Freundlich isotherm may be
more accurate for modeling FIO attachment when the concentra-
tions of cells in the solution are in excess of 10* per ml. The
Freundlich exponent reported in the Guzman et al. (2012) study
was ~0.5 suggesting that Kq in Eq. (20) would decrease with
increasing cell concentrations. These authors also noted that the
build-up of alkalinity and a corresponding increase in pH can result
in decreased attachment of E. coli to soil due to soil dispersion.

Exploring the relationship between FM partitioning coefficients
and soil texture may be useful in soil that is relatively poor in
organic matter. In organic-rich top soils, sand particles covered
with organic matter may adsorb E. coli with the same Kq as clay
particles (Guber et al., 2007). Because attachment is not controlled
by solely soil texture, the approach of Zhao et al. (2015) may be
preferable; here a linear model was derived to estimate the parti-
tion coefficient (Ky) of Streptococcus suis on soil particles as a
function of pH and cation exchange capacity (CEC) rather than as a
function of soil texture.

3.4. Survival in soil reservoir

Park et al. (2016) assembled and analyzed a large database from
published data on E. coli survival in soils. Within this database it
was clear that a two-stage (biphasic) survival kinetic was often
evident, whereby two phases of distinctly different population
change rates would occur, i.e. periods of rapid and slow die-off, or
growth versus death. Subsequently, decision trees to determine the
conditions and factors affecting the occurrence, durations, and
rates of the first survival phase were developed (Park et al., 2016).
An example of this decision tree analysis is shown in Fig. 3 and
relates the occurrence of the first stage of survival to a number of
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Fig. 3. The decision tree to predict the type of the survival kinetics for E. coli in bovine animal waste in soil. Numbers in parentheses mean “total number of datasets with the
kinetics stated above/the number of datasets where the opposite type of kinetics occurs) (Park et al., 2016).

environmental and management factors.

Fig. 3 suggests that the animal waste consistency, i.e. solid,
slurry, or liquid form, is the lead factor in determining the typology
of kinetics that describe FIO survival. Temperature controls the type
of FIO survival kinetics in slurries, whereas the type of FIO survival
kinetics for solid waste is influenced heavily by soil water content.

3.5. Mobilization of FM from soil to runoff

Pasturelands were used to infer the transition of FMs to runoff
from soils and livestock waste deposited during grazing events. For
the soil reservoir, Muirhead and Monaghan (2012) presented data
on the relationship between E. coli concentrations in soil E;
(CFU m~2) and concentrations of E. coli in runoff C; (CFU 100 ml~ 1)
that can be modeled with the power law relationship:
C.=6.44 F3*% (21)

We note that the soil reservoir was limited to a 1 cm thick
surface layer in this work and the recent work of Stocker et al.
(2015) indicated that this assumption is acceptable given that
most E. coli and enterococci released from soil runoff under simu-
lated rainfall in their study was derived from this layer.

3.6. Survival in the water column

Many models have been proposed to predict FM dynamics in
water bodies (Benham et al., 2006) and the linear semi-logarithmic
(LSL) inactivation, or Chick's law (Chick, 1908), is widely used to
simulate fate of FIOs in waters. Blaustein et al. (2013) found that the
performance of the LSL inactivation model was satisfactory only in
about 25% of a large E. coli database in waters. A variety of models,
including expressions developed by Veltz, Weibull, Gompertz,
Frost, and Streeter among others, have been recommended to fit
E. coli inactivation data in which different stages of survival with
distinctly different die-off rates were observed (Easton et al., 2005).
The application of the Weibull model has been proposed as the
superior model to predict FIO inactivation in waters (Stocker et al.,
2014).

Temperature is a known controller of FM inactivation. The
Arrhenius equation, the Q9 model, and the power-law dependence
are approximations of each other and simulate the increase in the

inactivation rate of FMs (Blaustein et al., 2013). However, changes in
other environmental factors can also impact on FM inactivation
rates. Such special cases are briefly considered below.

Salinity is an important factor of FIO survival in estuarine and
sea waters. Mancini (1978) summarized data of fecal coliform
survival rates in marine waters. His data are shown in Fig. 4a and
demonstrate that salinity influences can be neglected at saline
concentrations less than 15 g L™, but that these influences become
substantial when salinity levels approach concentrations charac-
teristic of marine waters. Rozen and Belkin (2001) reviewed the
effects of salinity on survival of E. coli in seawater and concluded
that the hostile situation encountered by FIOs in seawater can
trigger cells to enter a viable-but-non-culturable state.

The pH level can also influence survival, with the effects on FIO
die-off in surface waters being most significant either below 6 or
above 8, for example, Curtis et al. (1992) observed a 5-fold differ-
ence between the numbers of surviving FIOs in dark and in light
conditions in water from a waste stabilization pond with a pH up to
9, and became more pronounced as pH exceeded 9 (Fig. 4b).

Dissolved oxygen concentrations substantially affect FM pop-
ulations in the presence of light. In particular, within eutrophic
waters, algae may reduce or enhance the damage to FM cells caused
by sunlight, since they both impede light penetration and increase
oxygen concentrations. Fig. 4c demonstrates the exponential
decrease in FIO concentrations as the concentration of dissolved
oxygen increases.

Solar radiation however, is the most influential factor in pro-
moting die-off of FMs in the water column. Previous studies have
been conducted to investigate the effect of different parts of solar
spectrum, namely, visible light (400—775 nm) and UV radiation
(280—400 nm) (Mancini, 1978; Fujioka et al., 1981; Auer and
Niehaus, 1993) on the decline of FMs. The UVA range of wave-
lengths (i.e. range from 320 through to 400 nm), is considered to be
the most bactericidal (Jozic et al., 2014). A UVA radiation level of
60—70 W m 2 was sufficient to reduce the Tqq for E. coli to a fraction
of a day in sea water despite the large difference in Tgg for two
strains when their die-off was studied under dark conditions
(Fig. 4d). The type of aquatic ecosystem is also influential in regu-
lating the magnitude of the sunlight effect on FM survival. Mancini
(1978) noted that although the effect of sunlight on E. coli decay
rates in sea water has been known for a long time (Mancini, 1978),
similar data on the effect of sunlight on E. coli survival in brackish
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Fig. 4. Environmental effects on E. coli survival. (a) Effect of water salinity on coliform survival (data from Mancini, 1978); (b) effect of pH on bacteria survival in light and dark
conditions in waters from the waste stabilization pond (experimental data from Curtis et al., 1992); (c) effect of oxygen concentration on the impact of light on bacteria con-
centrations; the samples (pH 8.8) received 7.83 MJ m~2 for 136 min (=960 W m~2) (experimental data from Curtis et al., 1992); (d) decrease in relative Too with the increase in UV
radiation level for two strains of E. coli in water from retention pond (data from Jozic et al., 2014).

and freshwater has only recently been published (Perkins et al., in
press).

A linear relationship
ks = daR Rs (22)
was suggested by Mancini (1978). Here, ks is the mortality rate
(d™1), R is the radiation (W m~2), and ag = 11.3 for low light con-
ditions normally anticipated in natural environments. Sinton et al.
(2007) confirmed the possibility of using cumulative global solar
radiation (insolation) to estimate the FM die-off rates and proposed
that the seasonality of daylight inactivation may need to be
accounted for.

Dissolved or suspended organic matter can positively affect
E. coli survival in water. Waters accommodating high organic con-
tent have, in the majority of cases, resulted in E. coli survival pat-
terns whereby the first stage of survival following inoculation
exhibited either growth or just no tangible decrease of cell con-
centration (Blaustein et al., 2013). Using a standard one-stage ki-
netics equation to model cell decline under such conditions may
lead to a significant deviation from observed E. coli persistence
patterns.

3.7. Survival in streambed sediments

The ability of E. coli to survive and to grow in streambed

sediments has been demonstrated (Pachepsky and Shelton, 2011).
In the absence of nutrient inputs the linear semilogarithmic
(Chick's) model was shown to accurately represent E. coli persis-
tence. However, when the overlying water column was enriched
with nutrients it resulted in a period of growth of approximately
one order of magnitude in the E. coli population residing in the
streambed sediments. The subsequent rate of die-off was equiva-
lent to the same temperature dependent rate observed before
nutrient enrichment (Shelton et al., 2014).

3.8. Transient storage and hyporheic exchange

The transient storage (TS) associated with watercourses is
replenished during high flow events, and may then provide a
continuous source of chemical or FM concentrations to the over-
lying water column after such events (Bencala and Walters, 1983;
Gooseff et al., 2008). Yakirevich et al. (2013) used a one-
dimensional stream solute transport model to combine existing
understanding of FIO fate and transport with a TS module where a
linear kinetic equation assuming the first-order mass transfer was
used to simulate the FIO exchange with TS. In doing so, the com-
bined model was able to simulate the elevated FIO concentrations
in a monitored watercourse long after an artificial high-flow event
subsided, thus highlighting the contributions of FIOs from TS.
Hyporheic exchange refers to the advectively driven bidirectional
exchange of water between the stream and the streambed (Buss
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et al., 2015). Grant et al. (2011) examined the rate constant that
characterizes the exchange of water between the stream and its
storage zone. The volumetric flux of water between the stream and
its storage zone could be estimated from the product of the first-
order exchange rate (« = 4 x 1073 s!) and a measure of the
stream's water depth (R = 0.6 m) (Bencala and Walters, 1983). Little
research has focused on quantifying the specific attenuation and
release mechanisms of FIOs within the hyporheic zone and the role
of groundwater influx and upwelling in contributing to FIO loading
of streams under low flow conditions.

4. Future needs and feasibilities of watershed scale modeling
of microbial water quality

4.1. Effects of hydrological regimes on FM fate and transport

The results of fate and transport modeling are controlled by
underlying hydrological modeling results. The hydrologic modules
of watershed models are calibrated using measurements of stream
or river discharge values. The same values of discharge may
correspond to different values of total volume of water in a reach,
stage, and surface area for a reach. The assumed relationship be-
tween the hydraulic variables appears to have a profound impact
on long-term average FM concentrations, FM die-off as related to
the residence time within streams, and water quality criterion
violation rates (Hall et al., 2008). Observed and simulated low-flow
conditions often occur in small, low-order, upland streams, which
can approach zero flow during dry weather conditions. In these
streams, modeling limitations often result when attempting to
predict small flow rates when, in reality within the stream reach,
either no flow is occurring or flow is discontinuous, i.e., water
collects in pools within the reach. The role of streambed sediment
as a reservoir supporting FM persistence in such low flow condi-
tions is currently unknown.

Another challenge relates to understanding the impacts of water
abstraction, e.g. irrigation, on FM dynamics in watershed modeling
(Monaghan et al., 2009). Studies have shown that E. coli loading in
irrigation water can be high (McDowell et al., 2008) and there is
evidence to link contaminant signatures in water quality in a large
catchment to irrigation practices on pastoral land (McDowell and
Kitto, 2013). These effects are important to consider given that
the irrigation season typically occurs during summer, coinciding
with the key recreational water use periods for swimming and
fishing. In New Zealand, conversion from traditional flood irrigation
systems to more modern and efficient spray irrigation systems
reduced, but did not eliminate, E. coli losses from farmed land
(McDowell and Kitto, 2013). The ability to incorporate irrigation
practices into watershed scale models of FM dynamics will be
important for future application in many agricultural areas.

Particular soil water regimes, including those created by irri-
gation, can result in special conditions for FM transport in and
through soils. The proportion of FMs transported through the soil
column is highly dependent on the physical structure of the soils
and soil water saturation (Smith et al., 1985; McLeod et al., 2008).
Furthermore, soil structure and transport pathways can be signifi-
cantly modified by artificial drainage of soils (Oliver et al., 2005;
Monaghan et al., 2016). So far there have been few attempts to
quantitatively model these spatially variable processes (McGechan
and Vinten, 2004).

4.2. In-stream processes
FIOs are routinely found in streambed sediments, stream bank

soils, and other environmental and man-made media that are
exposed to surface water environments. Modeling can play an

important role in helping to apportion FM contributions from land
sources and direct deposition to water from FM contributions from
such contact media. For example, advances have been made in
modeling FIO release with re-suspended sediment and its retention
in transient storage (IKim et al., 2010; Yakirevich et al., 2013; Pandey
and Soupir, 2013; Pandey et al., 2016). However, little progress has
been made in modeling (or indeed observing in detail) FIO influx
from sediment by groundwater influx during baseflow and yet high
FIO concentrations during baseflow are routinely observed in some
waterbodies (e.g., Kim et al., 2010). Comparison of the genetic
make-up of E. coli in water and in sediment has shown that a
substantial (17—21% according to Piorkowski et al, 2014, and
possibly 36% according to Brinkmeyer et al., 2015) percentage of the
in-stream E. coli population can originate from the streambed
sediment. There is also a possibility that some FIOs are brought to
the stream with groundwater flow itself, rather than from distur-
bance of the contaminated sediments via upwelling (Dorner et al.,
2006; Schijven et al, 2015). Of course, residual runoff, seepage from
springs and hydrological lag-times have also been offered as an
explanation of high FIO concentrations in receiving waters long
after the waterway has returned to antecedent conditions (Desai
et al., 2011; Collins and Rutherford, 2004). Overall there is a need
to increase research attention on FIO inputs to streams during base
flow conditions. This appears to be critical since such inputs may
preclude bringing stream water quality to the regulatory limits by
land-based management practices. Addressing this research gap
will be challenging because many base flow inputs to streams are
independent of rainfall hydrology (Muirhead et al., 2011) and thus
requires separate modeling that is detached from rainfall-runoff
processes within watershed models.

Given the importance of streambed sediment as an FIO source it
is critical to understand the variety of factors (e.g. grain sediment
size, nutrient conditions) that can influence and support FIO
persistence and growth in these environments. Such regrowth has
been observed under field conditions (Evanson and Ambrose,
2006; Muirhead et al., 2004; Henson et al., 2007), and has been
shown in laboratory microcosm experiments (Shelton et al., 2014),
but has not been simulated in watershed scale modeling. Data from
microcosm studies show that nutrient concentrations in water have
a nonlinear effect on FIO regrowth (Shelton et al., 2014). Therefore,
simulations of in-stream nutrient dynamics may need to be
coupled with in-stream FIO fate and transport simulations to bring
about effective modeling of FIO behavior in streambed sediments in
response to nutrient inputs.

Presence of carbon-rich substances in the water column may
affect FM die-off rates in waters. Blaustein et al. (2013) demon-
strated both qualitative and quantitative differences in FIO die-off
rates observed in surface waters from different sources. For
example, the persistence profile of E. coli in sewage-affected waters
demonstrated a period of growth followed by a second phase of
exponential inactivation. Little is known, however, about this effect
in natural waterways. If this effect exists at the scale of streams and
rivers, it could partially explain the improvement in SWAT
modeling obtained after assuming seasonal differences in survival
rates that include growth in warm seasons and accelerated die-off
in cold seasons (Cho et al., 2016).

We note that in-stream processes are lumped together in the
majority of watershed-scale models, and as a result a few param-
eters are often used to simulate much of the complexity of water-
shed processes (e.g. in-stream processing). For example, FM die-off
rates are affected both by radiation and temperature, and yet a
single dependence on temperature is often implemented to
describe FM die-off. The outcome of process lumping or aggrega-
tion is a high degree of sensitivity in modeled outputs attributed to
lumped in-stream parameters (Iudicello and Chin, 2013). It will be
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beneficial to the modeling community to determine which in-
stream processes create this sensitivity. However, it is likely that
the importance of these factors will vary with stream morphology
and watershed hydrological functioning, making it difficult to
incorporate such nuanced detail into lumped models. Over-
parameterization of models provides another challenge for in-
stream process modeling. For example, the SWAT model can
accommodate the presence of two populations of the same bacte-
rium with different survival rates. However, at the current time we
cannot populate such parameter values because investigations are
not yet robust enough to effectively determine rate constants for
both bacteria populations.

4.3. Processes on land surface

Land deposition of fecal material on grazing lands can affect
E. coli concentrations in runoff long after the deposition occurred.
Legacy impacts on runoff water quality extending up to 1300 days
post deposition have been recorded (Muirhead and Monaghan,
2012). The authors suggested that an environmental reservoir of
E. coli exists on grazing lands that needs to be treated as a separate
FIO source compartment in watershed-scale models and requires
further investigation to determine its role and importance in
contributing to non-point source pollution. Aging of livestock waste
is another related, but also poorly understood, control of E. coli
concentrations in runoff from grazing land, although the effect of
such aging on E. coli mobilization is currently not well known
(McDowell et al., 2008). Differences in the physical, chemical and
biological composition of fecal matrices, e.g. livestock manures
versus livestock waste deposits, are profound and may create a
number of differences in FM mobilization and subsequent transport
behavior, which may also vary as the fecal matrix ages over time.
Fortunately, these knowledge gaps are now beginning to attract
research attention (Blaustein et al., 2015a,b,c).

Partitioning microbial cells in runoff into those that are freely
suspended and those that are moving in association with solid
particles is currently poorly understood, with empirical observa-
tions varying widely in published research. Muirhead et al. (2006)
noted that FIOs were not attached to soil particles when carried in
runoff generated at field plot scales. However, when unattached
cells were inoculated into the turbid water flow, the E. coli appeared
to attach predominantly to small particles (<2 um) and hence
remain unattenuated during transport. Soupir and Mostaghimi
(2011) studied transport of FIO from fresh manure and found that
the majority of E. coli and enterococci were transported from fresh
manure sources in an unattached state with only 4.8% of E. coli and
13% of enterococci associated with particles. Their second experi-
ment, which compared partitioning in runoff from both highly and
sparsely vegetated land covers, found lower FIO attachment rates:
the average E. coli percent attached was 0.06% from plots with
highly vegetated cover and 2.8% from plots with sparsely vegetated
cover, while the corresponding values for enterococci were 0.98%
and 1.23%, respectively. In contrast, Soupir et al. (2010) tested three
different soil textures (silty loam, silty clay loam, and loamy fine
sand) to investigate the FIO partitioning release under simulated
rainfall conditions and observed similar patterns among three soil
textures, showing that 28—49% of E. coli were attached to particles
in runoff. One reason for such discrepancies may be the assumption
that centrifugation is a robust method of estimating adsorption of
viable cells to soil particles. This assumption needs to be verified
since living bacteria may be affected by acceleration and solid
particle bombardment. The importance of understanding FIO par-
titioning to soil particles is reinforced when considering scale ef-
fects of sediment transport across a watershed. Sediment export
with runoff per unit area is known to decrease as the size of the

study area increases (Delmas et al., 2012) and so if cells are asso-
ciating with soil particles this might help to explain observed de-
creases of E. coli concentrations in waterways of different orders
(Harmel et al., 2010).

4.4. Effects of scale and scaling

An important question is whether the parameters used in FM
fate and transport modeling need to vary with scale of model
application. Upscaling from individual fields, land use practices and
management systems to obtain a single homogeneous soil, land
use, and management parameters across HRUs introduces un-
avoidable uncertainty. However, this aggregation helps to deliver
manageable and interpretable modeling results across large areas
of interest. In response, more research is needed to improve and
justify the formulation of rules to enable such upscaling (lumping).
Insights can be obtained from modeling FM responses at finer
scales and upscaling modeling results, but such attempts still
remain scarce.

4.5. Model performance evaluation and comparison

Increased attention to model performance evaluation is neces-
sary. Model performance metrics, such as root-mean-squared error,
Nash-Sutcliffe efficiency, are often applied without accounting for
underlying data uncertainty. The temporal uncertainty in FIO
concentrations observed in environmental matrices can be very
high. Bougeard et al. (2011) report values of 0.33 and 0.70 for
standard deviations of the decimal logarithm of FIO concentrations
measured diurnally during both low and high rainfall, respectively,
and yet the daily time step of models cannot reproduce such sub-
grid variations (Im et al., 2004). Therefore, diurnal variations have
to be properly compared with model errors to avoid reporting ac-
curacy of model predictions that are higher than the accuracy of the
data used to inform the model.

Critical evaluation of model performance needs to be targeted to
the model application rather than to the abstract accuracy of the
model. Microbial water quality standards are typically character-
ized by statistical measures from a population, such as medians and
percentile values, rather than point estimates. Thus, model per-
formance should be evaluated by the accuracy of reproducing the
distribution of expected values rather than point-to-point com-
parison statistics (Muirhead et al,, 2001; Stott et al,, 2011). An
example is given in the work of Bougeard et al. (2011) who inves-
tigated microbial water quality in shellfish producing waters and
used the results of a comparison of cumulative distributions in
computed concentrations to derive the conclusions about their
model performance. Coffey et al. (2013) concluded that the SWAT
model was adequate to assess the magnitude of various FM sources
within catchments but capability to replicate daily observations
was hindered by uncertainty. Nevertheless, outputs from those
models could provide adequate data to help develop more robust
approaches to human exposure assessment and assist policy-
makers in developing appropriate risk management strategies
across watersheds.

The modeling of FM loads versus FM concentrations also pro-
vides an interesting contrast with respect to model performance.
When loads, i.e. cumulative masses, are considered, regular model
performance metrics show much better performance than when
computed and simulated concentrations are compared (Haydon
and Deletic, 2006). In this example it was suggested that the
computation of loads reduced the effect of any one individual
measurement. Ultimately the performance of the model should be
measured against the purpose of the model and so a model
developed to predict concentrations of FIOs in rivers is appropriate
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for understanding water quality targets in the river but it may be
more appropriate to focus on loads when the purpose of the model
is predicting riverine inputs to a larger receiving water body.

A large number of watershed scale models are available (see e.g.
Table 1 and references therein), and so the end-users of models, e.g.
policy-makers, scientists, watershed stakeholders, have consider-
able choice in terms of which model to deploy. Choosing the right
model to deliver on the watershed management objective at hand
is essential and this reinforces a critical need for the development
of specific criteria to guide model selection and adoption by
watershed stakeholders (Oliver et al.,, 2016). Those with past
experience of modeling approaches may tend to re-use models
with which they are familiar, or choose those that have been
developed with a ‘user-friendly’ interface. These are undoubtedly
important factors for guiding model choice, but other aspects may
be of larger significance. Some models may overlook fate and
transport of site-specific importance, such as hyporheic mass ex-
change in shallow water sources, algal growth that harbors FIOs,
adequate accommodation of watercourse impoundments in model
structure. There is of course the possibility of adopting code from
one model to be used in a different model. However, not all source
codes are available, and modularity and description of some codes
leave much to be desired.

Model transferability across international borders is another
issue that can influence model selection by end-users. Models that
accommodate empirical equations that link to environmental da-
tabases and classifications specific for the country it was developed
for create compatibility issues for exploring trans-boundary
modeling of FMs. It is, of course, inherently challenging to use a
model framework developed in one country and translate it to a
different country without harmonizing classifications, which is far
from trivial. An example is the use of field capacity of soils where
the value of hydraulic head for field capacity appears to be country-
specific. It is —5 kPa in United Kingdom and France, —6 kPa in
Brazil, —10 kPa in Australia and Sweden, —33 kPa in US (Nemes
et al, 2011). Therefore the blind use of the pressure head
of —33 kPa to determine water contents at field capacity values
from US may lead to a gross underestimation of soil water storage
in applications in other countries.

We concede that this review is limited to continuous simulation
models that employ daily or shorter time steps and use the results
from the previous time step as initial values to make the next time
step. Models of other types have been developed and applied. For
example, Muirhead (2015) developed a model to characterize FM
concentrations in agricultural systems at the annual scale and the
development and application of statistical models of FM concen-
trations in freshwater sources have been reported (e.g., Nnane et al.,
2011). Comparison of accuracy, reliability and utility of different
model structures, as well as intercomparison of different contin-
uous simulation models presents scope for interesting and exciting
future developments in the field of watershed modeling of FMs.

4.6. Model reliability

The wide range of site-specific values that can be used to
populate the same parameters in models is a significant issue
(section 2.10). This may be caused by environmental factors that are
not accounted for, for example, differences in scale, lumped rep-
resentation of several processes, uncertainty in data used for cali-
bration. Insights into the breadth of parameter range distributions
are needed to be able to make modeled predictions of FM fate and
transfer in un-gauged watersheds.

A fundamental problem with watershed-scale FIO fate and
transport modeling is due to the inherent uncertainty in some
essential parameter inputs (Niazi et al., 2015). In particular, levels of

fecal loading from wildlife is commonly unknown, although has the
potential to contribute a substantial fraction to the total FIO load to
the wider environment (Parajuli et al., 2009; Rolle et al., 2012), and
can be responsible for 100% of the FIO load in stream headwaters in
forested areas (Guber et al., 2014). The state of on-site water
treatment systems is usually unknown, and, although failing septic
tank systems were shown to not have a strong effect on FIO con-
centrations in the study of Coffey et al. (2010), they may be more
influential in different environmental contexts. The relationship
between point source wastewater release of FIOs and the biological
oxygen demand estimated as 1.2 x 10° CFU per g BOD may be
helpful (Servais et al., 2007), but the degree of its generality is
unknown. Livestock waste deposition both on land and in streams
is not well defined in terms of spatial and temporal patterns of
loading, and concentrations of FIO in livestock waste and manure
vary widely. Such uncertainty does not preclude model use and
deployment, but suggests increased value of adopting modeling
approaches that accommodate multiple simulations while varying
the uncertain inputs within realistic ranges and reporting the cu-
mulative probability distributions of the output variables, rather
than their single values (Muirhead et al., 2011).

A significant challenge for modeling specific pathogen dynamics
in catchment systems is the scarcity of pathogen data to underpin
model calibration and testing. The costs for large scale sampling
campaigns and subsequent quantification of a suite of different
pathogens in environmental matrices can be prohibitive (Dorner
et al., 2006). Another challenge is presented by the lack of exist-
ing data (LaWare and Rifai, 2006). Since the assessment of micro-
bial water quality remains complex and expensive (relative to, for
example, nutrients), the current challenge is to develop monitoring
strategies to help improve our modeling capability while recog-
nizing the need for efficient use of resources spent on sampling.
Sampling ‘hot-spots’ of FIO loading will be important for future
modeling efforts but is fraught with challenges. For example,
sampling locations in the vicinity of wildlife colonies and sampling
in stagnant flow zones would yield interesting information for
modeling, but such targeted sampling is likely to be prone to
sampling errors, although the magnitude of the error has not been
researched. The same applies to sampling where sediment may be
affected by frequent inflows of FIO-rich turbid waters. Finally, the
sensitivity of different parameters on modeling results will vary
across different hydrological states of the system (e.g. rising and
falling limb of hydrographs, baseflow), and therefore monitoring
has to target different hydrological states to strengthen the impact
and validity of modeling results for different watershed stake-
holders, e.g. recreational water users, those reliant on abstraction
and those in the aquaculture industry.

5. Conclusions

eWith greater awareness of microbial water quality issues in
watershed systems there is growing impetus for predictions of
fecal microorganism concentrations, fluxes, and loads in
different types of water bodies to inform policy development
and guide future water quality control activities.

eThe uncertainty reduction in modeling results has to be tar-
geted and can be achieved via active experimentation with and
monitoring of overland, groundwater, and underlying bed
sediment-related fate and transport of fecal microorganisms in
heterogeneous hydrological mass balance units over the range
of scales.

eComplexity and variability of microbial fate and transport
processes and environments as well as differences in modeling
purposes warrant further development of different watershed-
scale microbial fate and transport models that collectively will
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provide tools for microbial water quality management on the
changing planet.
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