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Abstract Adapting to the impacts of environmental change (land use and climate), specifi-
cally on water quality, is one of the most pressing challenges for water policy globally.
Currently, European Union and United States regulatory structures fail to explicitly account
for the potential threats caused by environmental change to water quality in recreational
freshwater. The objective of this study was to use watershed modelling to assess possible
future load reduction measures and management strategies that may be required to meet
existing microbial water quality standards in freshwater systems. The modelling work con-
siders a suite of possible future environmental change scenarios for two watersheds in the west
of Ireland and one watershed in Virginia, USA. Extensive reductions in microbial source loads
(predominantly from point sources) for the Pigg (US) and Black (Ireland) watersheds were
required to meet existing US Clean Water Act standards for the future scenarios simulated.
Under the European Union Bathing Water Directive, all watersheds assessed were within the
Bexcellent^ classification for the various environmental change scenarios, indicating that this
standard may be more achievable in future years. Outcomes of the work suggest that managing
potential risks by adapting existing regulatory frameworks to explicitly plan for the effects of
environmental change must become a critical component of watershed planning in the
intermediate term. This will provide safe recreational water for use in society and protect
public health.
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1 Introduction

Although there is uncertainty about the exact nature, magnitude, and timing of future envi-
ronmental changes (specifically climate and land use), it is certain that impacts will affect
human health, natural ecosystems and the built environment (Ahmadi et al. 2014; Balbus et al.
2013; Coffey et al. 2014; Crossman et al. 2013; El-Fadel et al. 2012; Hofstra 2011; Palmer
et al. 2008). Research suggests that the impact of environmental changes on water quality may
be intensified by the effects of climate change (Hofstra 2011; Murdoch et al. 2000; Najjar et al.
2010; St. Laurent and Mazumder 2014). However, few studies have assessed the potential
extent of these changes and their possible implications for environmental health (Hofstra 2011;
Kundzewicz et al. 2008). Of particular concern is microbial contamination (containing poten-
tially pathogenic microorganisms such as enterotoxigenic Escherichia coli and protozoan
parasites e.g., Cryptosporidium), which is a major cause of surface water impairments globally
(Coffey et al. 2007, 2014; Frey et al. 2013; Hofstra 2011; Oliver et al. 2014; Pandey et al.
2014). In the USA, microbial contamination of water sources is already a leading cause of
surface water pollution (Pandey et al. 2014; USEPA 2004); while in Europe diffuse microbial
pollution, in particular from agriculture, is reported to affect most surface water bodies
(Kristensen 2012). Several studies detail that future changes in precipitation, temperature, land
use, human population and agricultural production will cause increased transport of microbial
contaminants (such as E. coli) to water sources (Coffey et al. 2014; Dunn et al. 2012; El-Fadel
et al. 2012; Gray 2014; Hampson et al. 2010; Macleod et al. 2012; Vermeulen and Hofstra
2014). These environmental changes will impact waterborne microbial concentrations in
surface water worldwide, possibly increasing the risk of diseases caused by human exposure
to waterborne pathogens (Balbus et al. 2013; Boxall et al. 2009; Coffey et al. 2014; Hofstra
2011; Patz et al. 2005; Vermeulen and Hofstra 2014). As the infective dose for pathogenic
micoorganisms, such as enterotoxigenic E. coli and Cryptosporidium, is low, even slight
environmental changes may result in higher incidence of waterborne illnesses (Coffey et al.
2014; Delpla et al. 2009; Gray 2014; National; Patz et al. 2005; Vermeulen and Hofstra 2014).

As drinking water abstracted from surface water sources is normally treated to remove/
disinfect microbial pathogens prior to the distribution (EU 1998), a major risk is posed to
public health from microbial contamination of freshwater due to recreational use (e.g.,
swimming, canoeing etc.) (Coffey et al. 2007; Semenza and Menne 2009; Soller et al.
2010). Within the USA, the US Environmental Protection Agency (US EPA) aims to protect
ambient water quality in rivers and streams through criteria detailed in the Clean Water Act
(CWA) and the implementation of the Total Maximum Daily Load (TMDL) program. The
criteria aim to protect primary contact recreation. In Europe, the Bathing water directive (EU
BWD-revised in 2006 to update the original 1976 Directive) aims to protect human and
environmental health and complements the Water Framework Directive (WFD-where bathing
waters are one of the protected areas) (Oliver et al. 2014). Microbial standards are provided
only for designated bathing areas of coastal and freshwater, and little focus has been concen-
trated on microbial contaminants in most watersheds (unless designated as a bathing location).
The revised directive will be fully implemented in 2015 and incorporates bathing water
standards specifically for inland freshwater, and also includes more stringent standards for
intestinal enterococci and E. coli (EU 1998, 2006a). Failure to comply with the WFD and
ensure good water quality for freshwater that drains into bathing waters could result in failure
to comply with the BWD. The revised directive was introduced to ensure compatibility with
the WFD and to incorporate scientific advances (Kay et al. 2007).
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For freshwater, fecal coliforms and E. coli are considered to be a good surrogate for enteric
bacterial pathogens and protozoan parasites (Coffey et al. 2007). Therefore, fecal coliforms
and more recently E. coli are commonly used organisms as an indicator of the general
microbiological quality of water, as these microorganisms are always present in fecal contam-
ination from human and animal sources (Coffey et al. 2007). Regulatory bodies have histor-
ically based fecal coliform/E. coli criteria for recreational water quality upon either percentage
compliance levels, typically 95 % compliance levels (i.e., 95 % of the sample measurements
taken must lie below a specific value in order to meet the standard), or geometric mean values
of water quality data collected from the water body over some specified period of time
(Ahmadi et al. 2014). US criteria are based on the geometric mean, whilst the EU standards
follow a 95th percentile approach (Kay et al. 2004). A summary of standards for microbial
contamination in recreational freshwaters for E. coli established in the US and EU is given in
Table 1.

Current studies on the fate and transport of microbial contaminants have detailed that these
existing microbial quality standards are sufficient to protect water sources and public health in
the long term (Coffey et al. 2014); however, given projected environmental changes, meeting
these standards will be challenging for those tasked with environmental management (includ-
ing stakeholders and regulators) and projects aimed at meeting existing water quality standards
(Coffey et al. 2014; Wilby et al. 2006a). More restrictive watershed management measures are
likely to be required to meet standards, meaning that stakeholders, regulators and policy
makers may need to review and update previous water quality remediation actions for
robustness to environmental change. To date, EU and US regulatory structures fail to explicitly
account for the potential threats to water quality and public health posed by environmental
change (Coffey et al. 2014; Quevauviller 2011; Wilby et al. 2006a).

The US TMDL program (as defined in the CWA) aims to establish ambient water-quality
based limits on the allowable pollutant load for impaired water bodies that fail to meet
appropriate water quality standards (Copeland 1999). Typically, coupled watershed-scale
hydrology and water quality models are used to relate pollutant loads from different point
and nonpoint sources to in-stream water quality, and to develop scenarios for achieving the
TMDL pollutant load target through modeled reductions in the identified pollutant sources
(Radcliffe et al. 2009). In the EU, the WFD places greater emphasis on the desired ecological
status as opposed to the pollutant load targets. To check compliance with water quality

Table 1 US and EU water quality standards established for E. coli in recreational freshwaters

Region Indicator Guideline value References

United States E. coli aGeometric mean concentration: ≤ 126 CFU 100 mL−1 US EPA (2012)
bSingle sample maximum concentration: 235 CFU 100 mL−1

European Union E. coli <500 CFU 100 mL−1 (excellent)c EU (2006)

<1000 CFU 100 mL−1 (good)c

<900 CFU 100 mL−1 (sufficient)d

CFU colony forming units
a 0 % violation rate
b <10.5 % violation rate
c Based upon 95th percentile evaluation
d Based upon 90th percentile evaluation
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standards, the WFD requires the establishment of monitoring programmes, with the minimum
frequency typically set at monthly (Gevaert et al. 2009). The use of water quality models in
this instance has focused more on research and the identification of critical source areas, rather
than the development of water quality assessment and restoration planning. Due to the lack of
consistent monitoring approaches and the demanding timeframe of the WFD, the use of
combined monitoring and watershed modeling applications to link changes in pollutant
sources and water quality with the effects of meteorological drivers is more frequently being
suggested (Coffey et al. 2007; Collins and McGonigle 2008; Gevaert et al. 2009).

Use of the same integrated hydrologic and water quality models has also been recommend-
ed as a viable means of assessing future impacts of environmental change on water quality and
hydrologic response (Boxall et al. 2009; Coffey et al. 2014; Delpla et al. 2009; Hofstra 2011;
Johnson and Weaver 2009; Larsen et al. 2013; Wilby et al. 2006b). When integrated with
monitoring, models can assist in understanding how climate and land management affect
hydrology and water quality at the watershed scale (Imhoff et al. 2007; Johnson et al. 2011;
Larsen et al. 2013). Their use can be essential to examine trends of contaminants in the
environment and to forecast future conditions and scenarios. Capabilities can also be extended
to explore effective best management strategies that could be included in policy planning to
help ensure that future water quality standards continue to be met (Coffey et al. 2014). At
present, it is difficult to forecast how microbial transport will evolve under future climate and
watershed conditions. However, as climate change is to an extent uncontrollable, it is likely
that more restrictive control measures to reduce microbial source loads will be required to meet
regulatory standards and maintain good ecological condition for freshwaters. Adapting to
climate change, in particular for water-related impacts, remains one of the most difficult
challenges for global water policy in future years (Quevauviller 2011). Hence, the objective
of this study was to use watershed modelling to assess the possible extent of future microbial
load reductions that may be required to meet existing freshwater microbial water quality
standards (US and EU). The modelling work considers a suite of possible future environmental
change scenarios for watersheds in the west of Ireland and Virginia, USA.

2 Methods

2.1 Study Areas

2.1.1 Ireland

The Fergus watershed (518 km2) and the Black watershed (193 km2) are located in the west of
Ireland (Fig. 1a). Agriculture is the dominant land use in both watersheds, with substantial
areas of pasture (>50 %). Manure applied to land as fertiliser, manure deposited from grazing
livestock and septic systems are the major diffuse fecal pollution sources. Point sources of
fecal pollution include wastewater treatment plants (3) and direct stream deposits from
livestock (Black watershed only). Both study locations are karst in nature, i.e., are underlain
by limestone rock. Annual rainfall ranges between 1000 and 1600 mm. The mean daily
temperature ranges from 9.3 °C to 10.7 °C. The Black River drains to Lough Corrib.
Although not designated as a bathing location, the lake is commonly used for recreational
activity. The Fergus River drains to the Shannon estuary, which has one designated bathing
area. The river also drains Ballyallia Lake, which is a designated bathing area.
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2.1.2 USA

Pigg River is a tributary of the Roanoke River in southwestern Virginia with a drainage area of
1015 km2 (Fig. 1b). Story Creek, Snow Creek and Big Chestnut creek are the main tributaries
of Pigg River. The watershed consists primarily of forest (72 %) and agricultural land (26 %).
Livestock, manure application, wildlife, pets and failing septic systems are the main sources of
diffuse fecal pollution (transported to the water channel via surface runoff). Key point sources
of fecal pollution (deposited directly to streams) in the watershed include wastewater treatment
plants (2), straight pipes from residential housing (14), and direct deposits from cattle and
wildlife defecating in streams. Long-term climate records for the area show an average annual
precipitation of 1132 mm, with 54 % of the precipitation occurring from May to October.
Average annual snowfall at Rocky Mount (located within the watershed) is 424 mm, with the
highest snowfall occurring during January. Average annual daily temperature is 13.1 °C. The
highest average daily temperature of 24 °C occurs in July, while the lowest average daily
temperature of 2.1 °C occurs in January.

2.2 Modelling Frameworks

2.2.1 Hydrology and Water Quality

This analysis is based on a set of modelling frameworks that were previously developed to
simulate hydrology and microbial transport for the study watersheds (Benham et al. 2006a;
Coffey et al. 2010; Coffey et al. 2013). The Hydrological Simulation in Fortran (HSPF)
(Bicknell et al. 1997) was used to simulate end points for the Pigg River watershed. For the
Fergus and Black watersheds, model simulations were conducted using the Soil and Water

Fig. 1 a Location of the Fergus and Black watersheds in Ireland and b Location of Pigg river watershed in
Virginia, USA
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Assessment Tool (SWAT) (Winchell et al. 2007). Watershed specific data on climate, microbial
sources, soils, land use/management, and topography were used in the initial development of
the modelling frameworks. Observed hydrological data from watershed located flow gauges,
and observed E. coli (Fergus and Black) and fecal coliform (Pigg) sampling data were used to
calibrate and validate individual models.

The coefficient of determination (R2) and Nash Sutcliffe Efficiency (NSE) statistical
metrics are used to quantify the agreement between the observed and simulated model outputs
for hydrology (Moriasi et al. 2007). For the Fergus, Black and Pigg catchments, R2 and NSE
metrics for daily average stream flow are provided in Table 2. Contemporary monitoring of
fecal indicator bacteria is time, labor and cost intensive. Thus, in-stream bacteria concentra-
tions are typically sampled infrequently (on a monthly basis, at best). As these samples
represent only an instant in time, it is not reasonable to expect any model to accurately
simulate a daily average concentration equal to an observed value on a particular day (Kim
et al. 2007). For the Pigg river watershed, a temporal-window statistic is used for simulated
hourly-concentrations of fecal coliform over a period of 5 days to calculate the minimum-
maximum range that is compared to observed in-stream bacteria concentrations (Kim et al.
2007). For the Fergus and Black watershed (simulated on a daily time step), combinations of
metrics detailed by Kim et al. (2007) and Moriasi et al. (2007) are used to compare observed
and simulated in-stream daily E. coli concentrations. Results for all three study watersheds are
given in Table 3. Despite limited data availability and associated uncertainties, it was con-
cluded that the calibrations achieved were acceptable to examine the sensitivity of microbial
contamination, identify high risk periods and predict potential microbial loads (Coffey et al.
2010, 2013).

2.2.2 Environmental Change Scenarios

Input data for the hydrology and water quality modeling frameworks for all three watersheds
were updated using readily accessible future climate and land management data projections for
the mid-century period (circa 2050). For Pigg River, one future climate scenario (CC) and one
future land management scenario (LU) were considered and used to simulate impacts on daily
stream flow and microbial load. Downscaled General Circulation Model (GCM) projections
(ensemble of 7 GCMs) by the Consortium for Atlantic egional Assessment (CARA) for the B2
scenario (moderate greenhouse gas emissions) (IPCC 2001) were used to modify observed
seasonal precipitation and temperature data (relative change) at Rocky Mount. A land man-
agement scenario (LU) reflecting available data on agricultural production and human

Table 2 Statistical metrics for the calibration and validation of daily average stream flow (m2s−1) for the Fergus,
Black and Pigg rivers

Watershed Calibration Validation

aNSE bR2 NSE R2

Fergus 0.82 0.89 0.90 0.86

Black 0.85 0.85 0.77 0.72

Pigg 0.44 0.46 0.57 0.57

a Nash Sutcliffe Efficiency
b Coefficient of Determination
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population changes was used to update microbial source input data. For the Fergus and Black
watersheds, two future climate scenarios [Representative Concentration Pathway (RCP) 4.5
and RCP 8.5) and one worst case LU scenario were considered in simulations to assess
environmental change impacts on stream flow and microbial load. A downscaled multi-model
ensemble (20 GCMs) (Gleeson et al. 2013) provided local scale projections for the RCP 4.5
(medium-low greenhouse gas emission scenario) and 8.5 (high greenhouse gas emission
scenario) scenarios. Forecasted seasonal variations in temperature and precipitation were used
to modify baseline observed weather data. A LU scenario, reflecting forecasted changes in
human population (CSO 2013; Eurostat 2014) and a realistic increase in agricultural produc-
tion (i.e., potential worst case in terms of microbial source load), was used to update microbial
input data for both Irish watersheds.

Combinations of CC scenarios (Pigg: B2 only; Fergus and Black: RCPs 4.5/8.5) and the
LU scenarios were subsequently simulated to examine changes in hydrology and microbial
load. All analyses were based on simulation results expressed as mid-21st century changes
relative to historical baseline conditions (the model calibration and validation periods).
Resulting outputs were also evaluated under different flow conditions (i.e., low, medium,
high) in each watershed. A comprehensive assessment of simulated changes in stream flow
and microbial load under different flow conditions and environmental change scenarios are
given in Coffey et al. (2015a) and (2015b). Overall, results indicated that microbial loads
would increase under the various LU and CC scenarios simulated (Coffey et al. 2015a, b).
Trends in microbial load changes were symptomatic of projected seasonal precipitation
patterns, with the main increases evident in winter and fall. Increases in microbial sources
from LU changes (increase in human population and agricultural production), in combination
with forecasted climate change, caused the most significant increase in daily microbial load for
all watersheds (Coffey et al. 2015a, b). High and low flow conditions represented the periods
when the greatest increase in microbial load was evident in all watersheds. The analyses
indicated that future variations in land use/management may be as important as the effects of
climate change on in-stream microbial pollutant loads. Results from all three watersheds,
suggested the need to increase land management strategies that would reduce microbial source
loads, and develop further understanding what watershed characteristics may be controllable in
the future (Coffey et al. 2015a, b).

2.3 Simulation of Microbial Load Reductions

The main objective of the current study was to examine likely microbial source reductions that
would be required to meet existing US and EU recreational water quality standards under
future environmental change. Initially, scenarios previously simulated (Section 2.2) for each
watershed were assessed to determine violations of the US CWA and EU BWD standards. For
scenarios that violated these standards, microbial source load reductions were subsequently
simulated and estimated to comply with recommended guideline values.

2.3.1 US CWA Assessment

Section 303(d) of the US CWA and the US EPA Water Quality Planning and Management
Regulations (40 CFR Part 130) require states to identify water bodies that violate state water
quality standards and to develop TMDLs for such water bodies (Benham et al. 2006b). A
TMDL establishes the maximum allowable pollutant loading from both point and nonpoint
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sources for a water body, allocates the load among the pollutant contributors, and provides a
framework for taking actions to restore water quality (Copeland 2003). The main objective for
bacteria TMDLs is to determine the reductions in E. coli loadings from point and nonpoint
sources that are required to meet state/federal water quality standards (Benham et al. 2006a).
The Virginia state water quality standards for E. coli used in the development of the TMDLs
are 126 colony forming units (CFU) 100 mL−1 (calendar-month geometric mean: 0 %
violation rate) and 235 CFU 100 mL−1 (single sample maximum: <10.5 % violation rate).
During any assessment period, if more than 10 % of samples exceed the applicable standard,
the stream segment associated with that sampling location is deemed impaired. The bacteria
TMDL for any segments designated as impaired is developed to meet geometric mean
standard.

When developing bacteria TMDLs, the required bacteria load reductions are
modeled by decreasing the amount of bacteria applied to the land surface or directly
to the stream. In this study, potential reductions allocated to meet the US CWA water
quality standard for the various environmental change scenarios (detailed in
Section 2.2) simulated for the three watersheds are compared. The goal was to
achieve the following conditions:

1. Reduce bacteria loading from sources to meet a calendar month geometric mean concen-
tration less than 126 CFU 100 mL−1.

2. Reduce the bacteria loadings from controllable sources (excluding wildlife) such that
violations of the instantaneous criterion (235 CFU 100 mL−1) are less than 10.5 %.

Simulated reductions addressed both diffuse and point sources of microbial contamination.
Since model calibration for the Pigg River watershed was conducted with fecal coliform
inputs, a translator equation was used to convert the output to E. coli. The translator equation
was developed by Virginia Department of Environmental Quality and converts fecal coliform
model output to E. coli within the HSPF model. This conversion allows model comparison
with the water quality standards (Benham et al. 2006b). The equation used was:

Log2 E:coli CFU 100 mL−1� � ¼ −0:0172þ 0:91905� Log2 Fecal coliform CFU 100 mL−1� �

Annual loads were obtained by summing the daily loads and dividing by the number of
years in the allocation period.

2.3.2 EU BWD Assessment

The EU BWD requires relevant authorities within EU member states to monitor the water
quality of identified bathing areas throughout the bathing season (EU 2006b). In Ireland, the
bathing season extends from June through September. Starting in 2015, three bathing water
classifications are used: ‘sufficient’, ‘good’, or ‘excellent’. The classification standards are
based on either a 90th or a 95th percentile value (Ahmadi et al. 2014). The concentration limits
of E. coli permitted for inland freshwater are two times greater than those for coastal and
transitional (marine) waters across all three classification standards.

The ‘sufficient’ standard is based on a lower percentile value, 90 %, compared with 95 %
for ‘excellent’ and ‘good’, allowing for greater variance in the sample quality. In this study, the
percentile standards for freshwater were used to ascertain the current and potential future
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bathing status of the Pigg, Fergus and Black watersheds considering simulated water quality
scenarios for E. coli concentrations. All environmental change scenarios (Section 2.2) were
assessed to determine the possible future bathing status under the EU BWD classifications.
The equations and steps used to calculate the percentile standards (EU 2006b) were as follows
:

(i) Calculate log10 value of all bacterial concentrations in the data sequence to be evaluated
(ii) Calculate the arithmetic mean Bμ^ of the log10 values
(iii) Calculate the standard deviation Bσ^ of the log10 values
(iv) Derive : Upper 90th percentile = antilog (μ + 1.282 σ)

Upper 95th percentile = antilog (μ + 1.282 σ).

Using these steps, the percentiles during the bathing season (June through September) for
each watershed were determined for the baseline and environmental change scenarios. If the
resulting quantitative assessments for the various scenarios failed to meet the Bgood^ bathing
quality classification (i.e., 95th percentile <1000 CFU 100 mL−1), load reductions from key
diffuse and point sources were considered until the appropriate percentile was achieved
(similar to US TMDL reductions).

3 Results

3.1 US CWAWater Quality Assessment

Initially, outputs from all three watersheds were assessed to establish if simulated scenarios
were violating the calendar month geometric mean standard (requires 0 % violation of
126 CFU 100 mL−1 for E. coli) and instantaneous standard (requires <10.5 % violation rate
of 235 CFU 100 mL−1 for a single sample). Table 4 details the results of this assessment for
each watershed. For Pigg River, the geometric mean and instantaneous standard were violated
under existing conditions and future environmental change scenarios. The Black watershed
violated only the geometric mean standard. As a result, a reduction in source loads for the Pigg
and Black watersheds were required to meet existing US microbial water quality standard
under the various scenarios. Simulated concentrations of E. coli for the Fergus River met the
US calendar month geometric mean standard and the instantaneous standard for all scenarios.

3.1.1 Allocation Scenarios

Pigg River ATMDL study was previously carried out for Pigg River, Snow Creek and Story
Creek (all stream segments in Pigg watershed) in 2006 as they did not support the recreational
(primary contact) designated use due to violations of the bacteria criteria (Benham et al.
2006b). Thus, source reductions to meet the calendar month geometric mean standard and the
10.5 % violation rate of the instantaneous standard for existing watershed conditions were
previously simulated (as part of the TMDL study for each of the stream segments listed as
impaired (Benham et al. 2006b). Initially, these source reductions were assessed to determine if
they would suffice under future climate and land management scenarios (i.e., CC, LU, LU +
CC). The reductions for the TMDL in 2006 did not result in a successful simulation for any of
the environmental change scenarios. Subsequently, further reductions were applied to sources
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to meet the TMDL goal of a calendar-month geometric mean concentration less than 126 CFU
100 mL−1 and a single-sample maximum concentration of less than 235 CFU 100 mL−1.

A summary of the reductions required to meet the geometric mean standard for Pigg River
and other impaired segments (Snow Creek and Story Creek) is given in Table 5. For the
TMDL study conducted in 2006, reductions in loading from cattle direct stream deposits (60–
100 %), residential straight pipes (100 %), pasture land (95 %), and residential land (75–95 %)
were required to meet the calendar month geometric mean standard for Pigg River, Snow
Creek and Story Creek. The same sources were used as the focus of additional reductions
required for the future environmental change scenarios. For the CC scenario, additional
reductions were required for cattle direct stream deposits (Snow Creek: 65 %). Further
reductions in wildlife direct stream deposits were necessary for Lower Pigg (45 %), Mid
Pigg (20 %) and Story Creek (55 %) under the CC scenario. The LU scenario required higher
load reductions for cattle direct stream deposits at Snow Creek (70 %), and wildlife direct
stream deposits (50 %) at Story Creek to meet the geometric mean standard. When the
combined impacts of the climate and land use scenario (LU + CC) were assessed, more severe
load reductions from cattle direct deposits (70–100 %) and wildlife direct deposits (0–55 %)
were necessary.

A summary of the reductions to meet the single sample standard violation rate is given in
Table 6. The TMDL study conducted in 2006 recommended reductions in cattle direct deposits
(10–100 %), straight pipes (100 %) and a reduction in sources from pasture for Lower Pigg
and Snow Creek (both 95 %) for this standard. Under the future CC scenario, further
reductions were required from cattle direct stream deposits (15–100 %) and some pasture land
(Story Creek: 50 %). Greater reductions in loading from cattle direct deposits were only
necessary to meet the standard under the future LU scenario. The combined climate and land

Table 4 Violation rate of US
CWA microbial water quality stan-
dards for the Pigg, Fergus and
Black watersheds under existing
conditions (baseline) and environ-
mental change scenarios

a126 CFU 100 mL−1 calendar
month geometric mean standard
(0 % violation rate)
b235 CFU 100 mL−1 instanta-
neous standard (<10.5 % viola-
tion rate)

aGEO bINS Source reductions

Black

Baseline 2 % 9 % Yes

RCP 4.5 2 % 8 % Yes

RCP 8.5 2 % 9 % Yes

LU 8 % 10 % Yes

RCP 4.5 + LU 8 % 9 % Yes

RCP 8.5 + LU 8 % 10 % Yes

Fergus

Baseline 0 % 5 % No

RCP 4.5 0 % 5 % No

RCP 8.5 0 % 5 % No

LU 0 % 6 % No

RCP 4.5 + LU 0 % 5 % No

RCP 8.5 + LU 0 % 6 % No

Pigg

Baseline 43 % 15 % Yes

CC 47 % 24 % Yes

LU 45 % 20 % Yes

LU + CC 49 % 28 % Yes
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management scenario (LU + CC) required the largest reduction in cattle direct deposits across
the watershed (35–100 %) for the single sample standard violation rate.

Black River Cattle direct deposits and application of manure were considered to be the main
microbial sources in the watershed (Coffey et al. 2013). Allocated reductions in microbial
loads from these sources were subsequently simulated to meet the US geometric mean
standard. A 50 % reduction in load from cattle direct deposits and a 50 % reduction in loading
from manure application were required for the baseline scenario (existing conditions). The
same sources were also the focus for allocations simulated under the environmental change
scenarios (climate and land use). For both CC scenarios (RCP 4.5 and 8.5) further reduction of
load from cattle direct deposits (75 %) was sufficient to address the calendar month geometric
mean standard. A reduction of 80 % for cattle direct deposits was required for the LU scenario.
Complete exclusion of cattle from streams (100 % reduction) was necessary for combinations
of both CC scenarios and the LU scenario. A summary of the required reductions allocated
under various scenarios is given in Table 7. No allocated reduction in microbial sources were
needed to meet the instantaneous violation rate (10.5 %) for the single sample standard
(E. coli: 235 CFU mL−1).

Fergus River No reductions were necessary to meet US CWA recreational freshwater
standards.

3.2 EU BWD Water Quality Assessment

Simulated daily concentrations of E. coli during the bathing season (June through September)
were assessed to determine bathing water status for each watershed. The results of this
assessment are given in Table 8. All watersheds achieved the status of Bexcellent^ under the
EU BWD for freshwater under existing conditions. Although the 95th and 90th percentile
increased under the various environmental change scenarios for each watershed, the bathing

Table 7 Reductions required to meet the calendar month geometric mean standard (E. coli: 126 CFU mL−1) for
the Black watershed under existing conditions (baseline) and future environmental change scenarios

Black % Reduce cattle
DD e

% Reduce manure
application

% Reduce
pasture

% Reduce septic
systems

Baselinea 50 50 0 0

RCP 4.5b 75 50 0 0

RCP 8.5c 75 50 0 0

LUd 80 50 0 0

RCP 4.5 + LU 100 50 0 0

RCP 8.5 + LU 100 50 0 0

a Baseline: calibrated and validated model based on observed input data for stream flow and E. coli
b RCP 4.5: A medium-low greenhouse gas emission climate scenario
c RCP 8.5: A high greenhouse gas climate scenario
d LU: A realist worst case land use scenario
e DD: Direct stream deposits
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status was still considered to be Bexcellent^ based on the guideline values. Subsequently, no
allocation scenarios were necessary to achieve the bathing standards set out in the EU BWD.
The Pigg River watershed had the highest percentile ranges for the various scenarios simulated
(95th%: 401–497; 90th%: 346–364).

4 Discussion

Current peer reviewed literature suggests that there will be changes in microbial water quality in
future years (Coffey et al. 2014; Hofstra 2011; Vermeulen and Hofstra 2014). For all watersheds
assessed in this study, increases in microbial loads were apparent under all environmental
change scenarios simulated. Seasonal variations in the fate and transport of bacteria were
proportionate to projected climate changes. However, when considering the results it should
be noted that there are many uncertainties involved in the development of models and the
simulation of environmental change scenarios. Sources of uncertainty could include sampling
errors in observed data, data input errors (microbial source estimates, climate data-existing and
downscaled), temporal and spatial variability, failure to capture in-stream processes, selection of
climate scenarios and others (Benham et al. 2006a; Coffey et al. 2010, 2014; Dunn et al. 2012;
Johnson et al. 2011; Johnson andWeaver 2009; Kim et al. 2010; Pandey et al. 2012; Piorkowski
et al. 2014; Russo et al. 2011). For example, under typical settings Harmel et al. (2006)
estimated cumulative probable error ranges associated with water quality data collection alone
to be 6 to 19% for streamflow, 7 to 53% for sediment, and 8 to 110% for N and P (bacteria are

Table 8 Status of water quality for
the Pigg, Fergus and Black water-
sheds determined using the EU
BWD standards for inland waters

aStatus based on classifications
given in Table 1

CFU 100 mL−1 Bathing statusa

95th % 90th %

Black

Baseline 253 181 Excellent

RCP 4.5 258 188 Excellent

RCP 8.5 263 191 Excellent

LU 308 217 Excellent

RCP 4.5 + LU 319 227 Excellent

RCP 8.5 + LU 328 232 Excellent

Fergus

Baseline 167 118 Excellent

RCP 4.5 163 118 Excellent

RCP 8.5 162 117 Excellent

LU 192 137 Excellent

RCP 4.5 + LU 187 188 Excellent

RCP 8.5 + LU 189 136 Excellent

Pigg

Baseline 428 364 Excellent

CC 401 346 Excellent

LU 497 416 Excellent

LU + CC 491 418 Excellent
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likely to be in similar ranges to N and P). This emphasizes that many of the uncertainties cannot
be accounted for in modelling frameworks and are considered to be potential limitations of the
study. More comprehensive details on the uncertainties encountered in this study can be found in
Coffey et al. (2015a) and (2015b). Despite these limitations, the developedmodelling frameworks
for all three watersheds represent useful tools that are capable of examining the impact of potential
future environmental changes on the sensitivity of in-stream microbial loads.

For the existing conditions and environmental change scenarios, the Pigg River and Black
watersheds violated the calendar month geometric mean standard under US CWA guidance.
This indicated that reductions from microbial sources were required to meet the standard.
Sources of microbial contamination in the Fergus catchment were predominantly diffuse, and
the simulated microbial load was below US CWA standards for all environmental change
scenarios. For existing conditions, point sources (cattle direct deposits, straight pipes, wildlife
direct deposits) had the biggest impact on in-stream microbial load for the Pigg River
watershed TMDL established in 2006 (Benham et al. 2006b). Some reductions in diffuse
pollution (pasture and residential) were also specified in the TMDL study. Additional reduc-
tions in loads from cattle and wildlife direct deposit sources were required to meet the
geometric mean and single sample standard violation rates for all future climate and land
management scenarios simulated. Allocations to meet the single sample standard violation rate
focused on greater reductions in loading from cattle direct deposits (up to 7 fold for some sub
watersheds in comparison to the 2006 TMDL) and the exclusion of all straight pipes. For the
Black watershed, reductions were concentrated on cattle direct deposits and manure applica-
tion, which are the dominant microbial sources in the watershed. Large reductions in these
sources were required under the various environmental change scenarios (up to 2 fold
compared to existing conditions) to meet the US CWA geometric mean standard.

The subsequent application of such reductions (post modeling and TMDL establishment)
typically requires the implementation of Best Management Practices (BMPs) (Copeland
2003). Extensive reductions from source loadings suggested in this study for future environ-
mental change scenarios concurs with existing studies (Johnson and Weaver 2009), and
highlights the difficulties that watershed stakeholders in the US could be tasked to manage
and comply with the CWA. This could potentially necessitate expanded and more effective
BMP implementation efforts to restore and maintain desired ambient water quality conditions.
A summary of typical watershed BMP control measures and their microbial reduction
effectiveness for diffuse and point sources of microbial contamination (Swann 1999;
USEPA-CBP 2003, 2008; Yagow et al. 2009) is given in Table 9. As part of the TMDL
program, implementation of these measures requires extensive funding, normally running into
millions of dollars (Pandey et al. 2014). In 2003, the cost to implement TMDL plans to
improve stream water was estimated as $0.9 to $4.3 billion per year (Copeland 2003).
Therefore, extended watershed BMPs that are likely to be needed to improve and restore
water quality within existing CWA standards could necessitate a substantial increase in
funding and active stakeholder engagement. As the US CWAs current TMDL framework
largely ignores the impacts of environmental change when developing and implementing
TMDLs to restore water quality, the effectiveness of previously implemented restoration plans
is uncertain (Coffey et al. 2014). Blankenship (2008) reports that anticipated climate changes
could negate previous remediation efforts. Therefore, control measures that consider changes
in the environment need to be included to enhance the existing TMDL framework, and would
assist in maintaining the objectives of legislation going forward (Blankenship 2008; Coffey
et al. 2014).
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In contrast (to using the US CWA standards as the water quality end points), the same
model outputs achieved the EU BWD classification of Bexcellent^ during designated bathing
periods (June through September) in the Fergus, Black and Pigg watersheds. This suggests that
the EU BWDmicrobial contaminant standards are more relaxed. Given that the EU BWD only
applies to freshwater designated as seasonal bathing areas, and the broad criteria metrics, it is
likely that these standards are an achievable target for all freshwater under future environ-
mental changes. However, some studies also report that insufficient attention has been given to
date to the area of microbial fate and transport for watersheds in the EU (Kay et al. 2007). In
addition, the potential public health risk associated with recreational water standards must also
be considered when evaluating the implications of the EU BWD, US CWA and others.

The establishment of recreational water quality standards by regulatory authorities is
typically based on an acceptable risk to public health. Such an approach means that there is
a need for credible evidence about the risk of illness associated with increasing levels of
microbial contamination under circumstantial water exposure (Kay et al. 2004). However, Kay
and Fawell (2007) do suggest that historical microbiological standards are not based on robust
epidemiological data. The US CWA calendar month geometric mean standard of 126 E. coli
(CFU 100 mL−1) is based on an acceptable swimming associated gastroenteritis rate of 8 per
1000 (0.8 % risk of illness) (Dufour and Ballentine 1986). Canada, like the US, also use a
geometric mean and instantaneous standard in their risk management approach to safe
recreational water quality. A value of 200 E. coli 100 mL−1 is proposed as a guideline for
the geometric mean standard and a value of 400 E. coli 100 mL−1 is provided as the
instantaneous standard (Tobin and Ward 1984). The guideline values for freshwater corre-
sponds to a gastrointestinal illness rate of approximately 1–2 % (10–20 illnesses per 1000
swimmers) (Health and Canada 2012; Tobin and Ward 1984). For the EU BWD, the various
water quality classifications (see Table 1) are also linked to the risk of a gastrointestinal illness.
If bathing quality is deemed Bexcellent^ for freshwater (95th% < 500 CFU 100 mL−1), there is

Table 9 Potential watershed Best
Management Practices (BMPs) and
their effectiveness in reducing mi-
crobial contamination

1 - EPA-CBP sediment effective-
ness, 2008. (Bacteria efficiency
assumed equal to sediment
efficiency)
2 - Based on unit bacteria load
from wildlife
3 - By definition
4 - EPA-CBP (2003)
5 – Yagow et al. (2009)
6 - Modified from Swann (1999)

Control measures Bacterial reduction
effectiveness (%)

Source

Agricultural control measures

Grass riparian buffers 48 % 1

Forested riparian buffers 48 % 1

Reforestation of erodible pasture Simulated 2

Manure storage facilities 75 % 4

Livestock exclusion fencing 100 % 3

Livestock exclusion buffers 48 % 1

Improved pasture management 92 % 5

Residential control measures

Pet waste education program 50 % 6

Pet waste digesters 100 % 3

System repairs 100 % 3

New septic systems 100 % 3

New septic systems w/pumps 100 % 3

Alternative septic systems 100 % 3
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<5 % risk of gastrointestinal illness. The status Bgood^ (95th% < 1000 CFU 100 ml−1) is
related to <8 % risk of gastrointestinal illness (Ahmadi et al. 2014). This range of 95th
percentiles corresponds to a probability of 50 to 80 illnesses per 1000. Therefore, the standards
established in the EU BWD are more lenient in terms of the allowable in stream microbial
load, however, they are also less protective of public health. The disparity in health risk
underlines the more stringent nature of the US CWA when compared to other international
standards. Although more protective of public health, the capacity to meet this standard for
freshwater under changed environmental conditions is uncertain.

5 Conclusion

Adapting to the impacts of environmental change, in particular for water quality, is one of the
most pressing challenges for water policy globally. Freshwater resources are among the systems
that are particularly vulnerable. The analysis documented here represents an initial step towards
understanding the possible impacts of environmental change on microbial contaminants in
freshwater and the subsequent implications for recreational water use and public policy as
reflected in target water quality standards. In addition, the possible scale of load reduction
measures that will be required in future years to maintain microbial water quality within existing
water quality standards was examined. The work focused on a variety of environmental change
scenarios simulated using watershed modelling tools; thus, it should be noted that there are many
uncertainties to be considered when conducting such speculative analyses. Nevertheless, the
results presented here are useful and indicate increased in-stream microbial loads, due to
environmental change, will lead to a decline in water quality. For US CWA guidelines, the
decline could necessitate more extreme reductions from land based microbial sources to meet
current ambient water quality standards. In contrast, current EU BWD standards set more easily
attainable in-stream microbial concentration standards. All watersheds considered in this study
achieved Bexcellent^ status under the EU BWD for a variety of simulated environmental change
scenarios. However, it should be noted that the EUBWD standards are statistically less protective
of public health. Managing risks by planning for the effects of environmental change must
become a critical component of watershed protection in the intermediate term. Such strategic
preparation will improve existing policymaking, and ensure that an optimal context is in place for
future decisions based on evolving environmental conditions. This is vital to maintain the quality
of all freshwater going forward, and minimize potential public health risk from pathogenic
waterborne microorganisms in recreational freshwater.
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