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a b s t r a c t

The loading of microbial contaminants was examined within the Thomas Brook water-

shed, a 784 ha mixed land-use catchment located in the headwaters of the Cornwallis River

drainage basin (Nova Scotia, Canada). The objectives were to: (i) examine spatial and

temporal characteristics of fecal bacteria loading during the growing season from five

subwatersheds, and (ii) develop areal fecal indicator organism export coefficients for rural

landscapes. Fecal coliform, Escherichia coli, total suspended solids (TSS) concentrations and

stream flow were monitored at five locations in the watershed over six consecutive

growing seasons (May–Oct, 2001–2006). A nested watershed monitoring approach was used

to determine bacterial loading from distinct source types (residential vs. agricultural)

during both baseflow and stormflow periods. Areal bacterial loading rates increased in

each nested watershed moving downstream through the watershed and were highest in

the three subcatchments dominated by agricultural activities. Upper watershed bacterial

loading throughout the growing season from an agricultural subcatchment (Growing

Season Avg 8.92� 1010 CFU ha�1) was consistently higher than a residential subcatchment

(Growing Season Avg 8.43� 109 CFU ha�1). As expected, annual average stormflow bacterial

loads were higher than baseflow loads, however baseflow loads still comprised between 14

and 35% of the growing season bacterial loads in the five subwatersheds. Fecal bacteria

loads were greater during years with higher annual precipitation. A positive linear rela-

tionship was observed between E. coli and TSS loading during the 2005 and 2006 growing

seasons when both parameters were monitored, indicating that the processes of sediment

transport and bacterial transport are linked. It is anticipated that computed areal microbial

loading coefficients will be useful in developing watershed management plans. More

intensive sampling during stormflow events is recommended for improving these

coefficients.
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1. Introduction 2. Materials and methods
Increased public concern over access to clean water has led

to improved water source protection and management.

Rural watersheds present unique challenges in that they

serve as water sources for a variety of activities (e.g.

drinking water for humans and livestock, irrigation and

recreation) and possibly contain both point and non-point

sources of microbial pollution (e.g. livestock operations,

household septic systems, wildlife and water course

sediments).

Enteric microorganisms that have been identified as

causing waterborne disease outbreaks within rural water-

sheds include Campylobacter spp., Salmonella spp. (non-

typhoid), Listeria monocytogenes, Escherichia coli (E. coli)

O157:H7, Cryptosporidium parvum and Giardia lamblia (Smith

and Perdek, 2004). Bacterial indicator organisms are

commonly used to assess the presence of enteric pathogens

in the environment. The most common indicator microor-

ganisms are fecal coliforms (FC) and its subgroup E. coli, and

two of the enumeration techniques for these organisms are

multiple-tube fermentation and membrane filtration

(Rompré et al., 2002).

Water quality models are becoming more widely used for

developing watershed source water protection plans. These

models range from simple, steady state, mass balance

models to dynamic, physically based models. The dynamics

of microbial pollutant generation and transport within

terrestrial and aquatic ecosystems are extremely compli-

cated. Therefore physically based models have been devel-

oped, but remain difficult to use for watershed planning

purposes (Jamieson et al., 2004). Less sophisticated models,

which utilize areal microbial export coefficients to construct

steady state mass balances for receiving water systems are

generally a more practical alternative. This approach has

been frequently used for managing nutrient inputs to

receiving water systems (Johnes, 1996; Winters and Duthie,

2000).

Kay et al. (2007, 2008) identified a need for the develop-

ment of microbial export coefficients for watershed

management planning. Crowther et al. (2002, 2003) found

positive correlations between fecal indicator concentrations,

high flows and different land-uses using multiple regression

analysis. This was especially true for improved pastures or

built-up land in large rural catchments in the UK. Further

studies of this nature are needed to develop and verify

microbial export coefficients for a wider range of land-use,

climatic and hydrologic conditions. Kay et al. (2007) also

recommended developing export coefficients for both high

and low flow conditions and also winter and summer

periods.

The objectives of this study were therefore to: (i) examine

spatial and temporal characteristics of fecal bacteria loading

in a mixed land-use, rural watershed during the growing

season, (ii) develop areal fecal bacteria loading estimates for

different land-uses, (iii) examine differences between base-

flow and stormflow bacterial loading and (iv) investigate the

relationship between fecal bacteria and total suspended solids

(TSS) loading.
2.1. Study site description

The Annapolis Valley contains 19.2% of the agricultural area in

the province of Nova Scotia, Canada (Statistics Canada, 2007).

One of the largest watersheds within the valley is the Corn-

wallis River with an approximate area of 26,000 ha. The

Thomas Brook watershed, examined in this study, is a small

upper subcatchment of the Cornwallis River with an approx-

imate area of 784 ha (Fig. 1).

The headwaters of Thomas Brook originate on top of the

north side of the valley (referred to as North Mountain) and

the outlet discharges into the Cornwallis River on the valley

floor. The stream network has two upper branches draining

off of North Mountain that join together into a single channel

approximately one-third of the distance through the water-

shed, as shown in Fig. 2. The average slope of the stream

channel network is 3.5% with steeper slopes of up to 9% in the

upper reaches on North Mountain. The lower reaches of the

stream network have grades of 0.5–3%. The main stream

course of Thomas Brook rarely exceeds 2 m in width and has

a total length of approximately 5800 m. The dominant soil

type within the watershed is reddish brown sandy loam

(Jamieson et al., 2003).

The dominant land-uses within the Thomas Brook water-

shed are shown in Fig. 2 and summarized in Table 1. Agri-

cultural land-uses make up the largest portion of the

watershed area (57%). There are also 89 residences within the

watershed. For this study the watershed was divided into five

subcatchments; the outlets of each subcatchment are labelled

as Station 1 (headwater) through Station 5 (outlet). The upper

one-third of the watershed is predominantly forested and

low-intensity agriculture. The lower two-thirds of the water-

shed are dominated by agriculture, primarily cropland and

pasture. The main crops grown within the watershed are corn,

strawberries and grains. Potential microbial sources within

the watershed include a dairy farm of approximately 186

bovines and two beef farms with approximately 36 and 16

animals respectively. Activities associated with livestock

operations that would be potential microbial pathogen sour-

ces include runoff from croplands and pasture receiving

manure, manure storage facilities and areas where livestock is

allowed direct access to the water course. Other sources of

microbial pollution include faulty on-site septic systems that

are in close proximity to the stream channel and wildlife.

Fig. 2 shows all residences within the watershed, and there is

a dense clustering of residences along the upper eastern

branch of the stream.

In an initial microbial study of the Thomas Brook water-

shed Jamieson et al. (2003) found that all of the above micro-

bial pollution sources were possibly contributing to fecal

bacteria loading. The study examined the sources and

persistence of fecal coliform bacteria within the Thomas

Brook watershed and found that 94% of the samples collected

at the watershed outlet in low flow conditions exceeded the

Canadian Council of Ministers of the Environment (CCME)

recreational water quality guideline of 200 MPN FC 100 ml�1

(CCME, 2004). The highest bacterial loading was observed in



Fig. 1 – Watershed location map for Thomas Brook within the Cornwallis River basin, and Nova Scotia, Canada.
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the stream reaches adjacent to livestock operations. The

stream reach with the dense grouping of residential dwellings

had bacterial loading from suspected faulty on-site septic

systems.

2.2. Monitoring approach

The monitoring program was designed as an extension of

Jamieson et al. (2003) study and used the same five monitoring

locations for this six-year study of the Thomas Brook water-

shed. This study focussed on microbial monitoring conducted

during the growing season, due to the availability of tempo-

rally intensive bacterial data, and continuous discharge

measurements for all six years. Fig. 2 shows the locations of

the five stations and their representative subcatchments.

Station 1 (Stn 1) is located downstream of a headwater spring

and was selected to provide background water quality.

Station 2 (Stn 2) is located on the upper left branch of the

watershed and is downstream from the dairy farm. Station 3

(Stn 3) is on the upper right branch and downstream from

a group of residential dwellings. Station 4 (Stn 4) is located

downstream of the convergence of the upper branches, and

Station 5 (Stn 5) is located near the outlet of the watershed,

before Thomas Brook joins the Cornwallis River. The majority

of livestock pasturing and rotational cropping within the

watershed takes place within the subcatchments of Stations 4

and 5. Table 1 shows a summary of the percentage area

for each land-use and number of residences in each

subcatchment.
Continuous flow measurements were made at Stns 2, 4 and

5 from 2001 to 2006. Stage measurement instrumentation

either consisted of KPSI Series 169 pressure transducers

(Pressure Systems, Inc., Hampton, VA) in conjunction with

Campbell Scientific CR10X dataloggers (CSI, Logan, UT) or

Global Water WL15 Water Level Loggers (Global Water

Instrumentation, Inc., Gold River, CA), each recording water

depths on an hourly basis. Discharge was measured at each

station on several occasions each year using the velocity-area

method (Canadian General Standards Board, 1991). The

discharge and pressure transducer data were then used to

develop stage discharge relationships (Linsley et al., 1982).

Meteorological data, including precipitation, were measured

at the Environment Canada Climate Station in Kentville, Nova

Scotia, which is located approximately 25 km east of the

watershed.

Water samples were collected on a weekly basis during the

growing season periods, and attempts were made to collect

additional samples during storm events. Approximately 50%

of measured storm events were sampled over the six growing

seasons. Samples were collected in sterile polyethylene

bottles. Analysis in 2001 and 2002 utilized the multiple-tube

fermentation (MTF) technique (Method 9221: APHA, 1998).

This provided results of most probable number (MPN) of fecal

coliform (FC) organisms per 100 ml. Samples collected during

2002–2006 had bacterial colonies enumerated using the plate

count and membrane filtration (MF) method. Hach m-Col-

iBlue24 agar was used as the enzyme-specific growth medium

to differentiate E. coli from other coliforms, providing results



Fig. 2 – Thomas Brook watershed map showing the stream

network, sub-basins, sampling locations and land-use.
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in colony-forming units (CFU) per 100 ml of sampled water

(Hach, 1999). All samples for both techniques were processed

for analysis within 24 h of collection.

During 2005 and 2006 samples were also analysed for total

suspended solids (TSS) using the APHA method 2540 D (APHA,

2000). At each station water samples were collected as either

grab samples or with ISCO 6700 autosamplers (ISCO, Inc.,

Lincoln, Nebraska). The autosamplers were programmed to

collect 200 (�20) ml samples every 6 h into one bottle over

a 24 h period. When the autosampler samples were collected

(typically every 6 d) they were further composited to represent

a 3 d period. Other water quality data that were collected, but

not reported, include dissolved oxygen, temperature, pH, and

nutrient concentrations.
Table 1 – Percentage of subcatchment and watershed area
for each land-use category and the number of residences
per subcatchment.

Sub-catchment 1 2 3 4 5 Watershed

% Agriculture 17 43 20 74 82 57

% Rotational 17 15 16 61 62 42

% Pasture 0 28 4 13 20 15

% Forest 83 57 80 26 18 43

# of Residences 1 12 16 26 32 89

Area (ha) 25 151 189 200 219 784
3. Results and discussion

When analysing the six years of loading data for the Thomas

Brook watershed a growing season was defined as May 9–

October 16. The FC concentrations from 2001 to 2002 were

assumed to be equivalent to E. coli concentrations. A linear

regression analysis of the log transforms of FC and E. coli

enumerations conducted on the same samples in 2002

confirmed this assumption was valid (R2¼ 0.81). As samples

were collected on a weekly basis, daily E. coli concentrations

for non-sampling days were estimated by linear interpolation.

Continuous flow data were only complete for all growing

seasons at Stn 5. To be consistent, flow at the other stations

was estimated by multiplying the flow at Stn 5 by the ratio of

station subwatershed area to the total watershed area. Daily

flows were further differentiated into stormflow or baseflow

categories using the straight-line baseflow separation method

(McCuen, 1989).

E. coli loads at each station were calculated by multiplying

the daily hydrological flow by the corresponding E. coli

concentration. For stations that had other nested watersheds

flowing into them (e.g. Stn 1 flowing into Stn 3) the inflow

watershed loads were subtracted from the measured sub-

catchment load to compute the E. coli originating from each

nested watershed. Growing season E. coli loads for Stations

2–5, and the entire watershed, are presented in Fig. 3.

The highest growing season E. coli loads occurred consis-

tently in agricultural dominant subcatchments (Stns 2, 4

and 5). The residential subcatchment (Stn 3) had lower E. coli

loads. The loads in the background subcatchment (Stn 1) were

too small to be discernable in Fig. 3 and therefore were not

included. Of note is the spatial load distribution in 2003 where

the loading from Stn 2 ranges from 3 to 8 times higher than the

total watershed load in any of the six growing seasons. During

that year, 63% of the Stn 2 samples possessed E. coli concen-

trations of >1000 CFU 100 ml�1. During this season a negative

load was computed for Stn 4, presumably because a portion of

the large E. coli load coming into the subcatchment from Stn 2,

in which surface runoff from a dairy farm is a source of E. coli,
Fig. 3 – Annual growing season (May–October) loads of

E. coli (CFU growing seasonL1) from 2001 to 2006 for each of

the five monitoring stations and the whole watershed.
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deposited in the stream network between the two stations.

This illustrates that the deposition and resuspension of fecal

bacteria within the stream network can present a significant

challenge when determining areal microbial loading rates

from nested watersheds.

Table 2 shows the stormflow, baseflow and growing season

E. coli loads per hectare for the watershed and the five
Table 2 – Bacterial loads (CFU haL1 seasonL1) for each catchme
growing season (2001–2006).

Sub-catchment Growing season Baseflow

(CFU ha�1

season�1)� 109
% o

1 2001 0.688

2002 1.56

2003 0.560

2004 0.144

2005 0.464

2006 1.03

Avg 0.740

2 2001 8.49

2002 8.22

2003 89.9

2004 5.93

2005 6.58

2006 5.58

Avg 20.8

3 2001 4.88

2002 2.90

2003 2.14

2004 3.51

2005 2.16

2006 1.93

Avg 2.92

4 2001 4.34

2002 8.50

2003 �57.6

2004 3.48

2005 14.8

2006 11.6

Avg �2.49

5 2001 5.36

2002 0.534

2003 3.06

2004 8.04

2005 3.32

2006 10.6

Avg 5.15

Watershed 2001 5.44

2002 4.68

2003 4.00

2004 5.13

2005 6.50

2006 7.50

Avg 5.54
subcatchments, and Table 3 includes the number of storm-

flow and baseflow days for each growing season. The average

growing season stormflow loads were higher than the base-

flow loads for all subcatchments. This is consistent with the

findings of Jamieson et al. (2003) for the same watershed and

other rural watershed investigations (Nagels et al., 2002; Oliver

et al., 2003; Reeves et al., 2004). In each year, Stns 2, 4 and 5
nt for stormflow, baseflow and total loading for each

Stormflow Total

f Total (CFU ha�1

season�1)� 109
% of Total (CFU ha�1

season�1)� 109

76 0.215 24 0.903

14 9.81 86 11.4

24 1.80 76 2.36

28 0.370 72 0.514

22 1.65 78 2.12

41 1.46 59 2.49

22 2.55 78 3.29

43 1.15 57 20.0

38 1.33 62 21.5

20 350 80 440

48 6.33 52 12.3

40 9.87 60 16.4

22 19.5 78 25.1

23 68.4 77 89.2

40 7.23 60 12.1

30 6.83 70 9.74

17 10.4 83 12.6

67 1.74 33 5.26

66 1.12 34 3.28

25 5.69 75 7.63

35 5.50 65 8.43

30 9.98 70 14.3

35 15.5 65 24.0

27 -156 73 �214

42 4.76 58 8.24

42 20.0 58 34.8

50 11.6 50 41.0

14 �15.8 86 �15.3

37 9.29 63 14.7

4 11.4 96 11.9

12 21.5 88 24.6

45 10.0 55 18.1

13 22.9 87 26.2

30 25.3 70 35.9

24 16.7 76 21.9

37 9.10 63 14.5

29 11.7 71 16.4

10 36.1 90 40.1

48 5.66 52 10.8

32 13.7 68 20.2

28 19.7 72 27.2

26 16.0 74 21.5



Table 3 – Annual growing season precipitation, maximum seasonal daily bacterial loads for entire watershed, percentage
of the total seasonal load, and corresponding event precipitation for each year.

Growing
Season

Total
Seasonal

Precipitation
(mm)

# of Baseflow
days

# of Stormflow
days

Max daily
load date

Max daily load
(CFU ha�1 d�1)a

Max daily
load % ratio of
growing season

load

Max event 4-day
preceding

precipitation
(mm)

2001 350.9 125 36 14-May-01 2.34� 109 16.1% 54.4

2002 417.3 113 48 12-Sep-02 2.28� 109 13.9% 68.8

2003 501.0 91 70 4-Aug-03 8.07� 109 20.1% 100.1

2004 397.5 110 51 19-Jul-04 8.71� 108 8.1% 38.2

2005 549.6 106 55 12-Oct-05 2.70� 109 13.4% 168.9

2006 572.0 120 41 4-Jun-06 2.60� 109 9.5% 67.6

a Daily maximum loads calculated from a single grab sample result.
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had �50% of their growing season E. coli load occurring during

stormflow events. Station 2 had the highest average E. coli load

per hectare of all the subcatchments. Station 3, on average,

had the largest % of E. coli loading occurring during baseflow

periods; 35% compared to the watershed average of 26%. The

residential on-site septic systems would potentially be the

primary source of the E. coli measured at Stn 3, as was noted by

Jamieson et al. (2003) in 2001. The loading of microbial

contaminants from on-site septic systems would represent

a steady state source of pollution that would be less influ-

enced by hydrologic events.

Kay et al. (2008) examined FC data from 205 different

river/stream sampling points in 15 catchment studies from

1995 to 2005 across the UK and determined the mean export

coefficients (CFU km�2 h�1) for different land-uses during the

summer bathing season (May–September). When the

Thomas Brook watershed mean loadings are expressed in

CFU km�2 h�1, they have mean baseflow and stormflow

loads of 2.08� 108 and 1.29� 109 CFU km�2 h�1, respectively.

The Thomas Brook baseflow result is similar, while its

stormflow load is lower in value compared to the geometric

mean baseflow and stormflow loadings for UK rural sub-

catchments (2.9� 108 and 2.6� 1010 CFU km�2 h�1) (Kay et al.,

2008). When the UK rural subcatchment loads are further

differentiated into land-use categories, the 13 sites with

a dominant land-use of >75% rough grazing possess areal

loading rates most similar to the Thomas Brook Watershed;

2.5� 108 and 2.5� 1010 CFU km�2 h�1 for baseflow and

stormflow, respectively. The larger stormflow loadings

observed by Kay et al. (2008) could be due to a number of

factors, including climatic and sampling regime differences,

more intensive agricultural processes and greater

urbanization.

Annual maximum daily watershed E. coli loads, and the

precipitation conditions preceding these daily loads, are

shown in Table 3. All annual maximum daily E. coli loads

were preceded by a 4-d minimum of 38.2 mm of precipitation

and ranged from 8.1 to 20.1% of the total seasonal load,

showing that single major storm events can cause substan-

tial fecal bacteria loading. The percentages are comparable

to Kistemann et al. (2002) where 5.58–8.67% of the total

annual 12-month E. coli load was attributed to single 12 h

storm events in three different drinking water reservoir

catchments in Germany. Lewis et al. (2005) measured an
average event stormflow loading rate of 6.10� 109 CFU -

ha�1 24 h storm event�1 downstream of pastures for a repre-

sentative dairy farm in California, which is comparable to

the seasonal Thomas Brook maximum daily stormflow loads

in Table 3.

No observable trend was found between point of growing

season (i.e. spring versus fall) and maximum daily E. coli loads.

There was also no clear relationship between total growing

season precipitation and the ratio of the maximum daily load

rate to the total seasonal load. In general however, years with

greater total growing season precipitation resulted in

increased growing season bacterial loading, which is expected

as the majority of bacterial loading in this watershed appears

to be driven by stormflow events.

The relationship between E. coli load and sediment

loading was investigated, as sediments are presumed to be

an important mode of transport for fecal bacteria (Jamieson

et al., 2004; Characklis et al., 2005). Linear regressions of log

transformed daily E. coli loads versus log transformed daily

sediment loads yielded discernable positive relationships

(Fig. 4). Only data from periods where E. coli and TSS were

actually sampled were included in the analysis (i.e. interpo-

lated days were not included). Data from all sample sites

were used in the regressions and the loads measured at each

station were not adjusted to account for upstream loading,

as was done when generating areal loading rates. The

strength of this relationship was investigated in three

manners: (i) using all the data, (ii) using only stormflow data

and (iii) using only baseflow data. The relationship between

TSS and bacterial load was strongest when all samples were

included in the regression (R2¼ 0.61), and was weakest when

only baseflow samples were analysed (R2¼ 0.40). Positive

relationships between turbidity and E. coli have been found

in other studies (Mallin et al., 2001; Kistemann et al., 2002;

Nagels et al., 2002; Gentry et al., 2006). Although there does

appear to be a relationship between sediment and bacterial

transport in the Thomas Brook watershed, this relationship

is weak and the actual mechanisms governing bacterial

transport to, and movement within, the stream is still

unclear. Employing suspended sediment or turbidity

measurements as a proxy for microbial water quality would

not be justified without further examination of how erosion

and fluvial processes affect the persistence and movement of

bacteria.



Fig. 4 – Correlation between 2005 and 2006 daily measured bacterial loads and daily TSS loads for (a) only baseflow

conditions, (b) only stormflow conditions, and (c) all flow condition.
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4. Conclusions and recommendations

Fecal bacteria loading was assessed within five subcatchments

of the Thomas Brook watershed during six consecutive

growing seasons. The highest E. coli loading occurred in sub-

catchments dominated by agriculture. A subcatchment con-

taining a cluster of residential dwellings also had substantial
loading, and had the highest percentage of the total sub-

catchment E. coli load occurring during baseflow conditions.

Stormflow E. coli loading provided consistently 50% or more of

the annual total bacterial load in each of the four subcatch-

ments dominated by either agriculture or residential land-use.

Average areal E. coli loading rates for the entire watershed were

5.54� 109 and 1.60� 1010 CFU ha�1 season�1, for baseflow and

stormflow periods, respectively. These were similar to,
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although smaller than, other values reported in the literature.

The importance of storm event E. coli loading within the

Thomas Brook watershed was identified in this study. The

largest single day growing season bacterial loads were all

associated with large precipitation events (>35 mm). This

demonstrates that the greatest microbial risks to water quality

occur during stormflow events and over one to several day time

intervals during the growing season. Positive linear relation-

ships were observed between E. coli and TSS loading, although

this relationship was weak and requires further examination.

This study provides useful information that could be used

in constructing watershed management plans for rural

watersheds. However, databases for areal microbial contami-

nant loading rates need to be expanded and improved. Within

the Thomas Brook Watershed efforts are being placed on (i)

establishing a more intensive stormflow E. coli monitoring

program, (ii) expanding to include year round monitoring, and

(iii) using microbial source tracking to better understand the

role fluvial sediments play in microbial transport.
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Rompré, A., Servais, P., Baudart, J., de-Roubin, M.R., Laurent, P.,
2002. Detection and enumeration of coliforms in drinking
water: current methods and emerging approaches. Journal of
Microbiological Methods 49, 31–54.

Smith, J.E., Perdek, J.M., 2004. Assessment and management of
watershed microbial contaminants. Critical Reviews in
Environmental Science and Technology. 34 (2), 109–139.

Statistics Canada, 2007. Farm Data and Farm Operator Data. 2006
Census of Agriculture Catalogue no. 95-629-XWE. Available
from: http://www.statcan.ca/english/freepub/95-629-XIE/4/4.
3-1_A.htm#12 [accessed 29.04.08.].

Winters, J., Duthie, A., 2000. Export coefficient modeling to assess
phosphorus loading in an urban watershed. Journal of the
American Water Resources Association 36, 1053–1061.

http://www.ccme.ca/publications/ceqg_rcqe html?category_id=124
http://www.statcan.ca/english/freepub/95-629-XIE/4/4.3-1_A.htm#12
http://www.statcan.ca/english/freepub/95-629-XIE/4/4.3-1_A.htm#12
http://www.ccme.ca/publications/ceqg_rcqe html?category_id=124

	Growing season surface water loading of fecal indicator organisms within a rural watershed
	Introduction
	Materials and methods
	Study site description
	Monitoring approach

	Results and discussion
	Conclusions and recommendations
	Acknowledgements
	References


