June 2008 Volume 87 Number 4 Special Issue

Journal of

onment

658.408
ELS

Vol.87 No.4




Journal of

Environmental
Management

A. GILL  Editor-in-Chief
1620 Acton Street, Berkeley, CA 94702, USA.

Editorial Board

C. ALLAN  Department of Geography and G. HUANG CRC Professor and J. P RICHARDS Institute of Marine Studies,
Earth Sciences, Univarsity of Associate Dean, Plyrmouth University, Drake
North Caralina, Faculty of Engineering, Circus, Plymouth, Davon,
Charlotte, NC 28227, USA University of Regina, PL4 BAA, UK.
email: ) Regina, SK 545 0A2, email:
cjallan@email.uncc.edu Canada Jprichards@plymouth.ac.uk
email:
N.-B. CHANG  Department of Civil and garden. huang@uregina.ca M. RUTH  University of Maryland,
Environmental School of Public Affairs,
Engineering, University of J. MARION  USGS Patuxent Wildlife Van Munching Hall,
Central Florida Research Center, Cooperative College Park,
Orlanda, FL 32708 Park MD 20742, USA.
email: nchang@mail.uicf.edu Studies Unit, email: Matthias_Ruth@umail.
Virginia Tech/Department of umd.edu
R. CULLEN Commerce Division, (Fgge;g}%B?ao? %heatham Hall
FO. Box 84, i H. SAARENMAA  Global Diversity Information
Lincaln Universit VA 24061, USA. s :
% i, + od Facility-GBIF Secretariat
Canterbury, ermall: opsu@yL:edy Universitetsparken
N@W.lzw'a“d‘ i 15, DK-2100 Copenhagen,
email: cullenr@lincoln.ac.nz R. K. MORGAN Department of Geography, Denmark.
University of Otago, email: hsaarenmaa(@ghif.org
L. G. FIRBANK Land Use Section, BO- Eéi;"x 56,
Centre for Ecology unedin, 3 :
and Hydrology, | New Zealand. B, TANSEL E{ﬁirégfs_lltmernatmnai
Lancaster Environment Centre, email: De artmght ot Bivil ahd
Bailrige, Lancaster, LA1 4AP rkmi@hyperperth.otago.ac.nz b

Environmental

email: lgf@ceh.ac.uk Engineering, 10555

R. A. PRESTON School of Life and West Flagier Street,
A. GILBERT IVM/VU De Boelelaan 1115, -WHYTE Environmental Sciencas, Engineering Center Miami,
1081 HV Amsterdam. University of Natal, FL 33174 USA.
email: alison.gilbert@ivm.vi.nl Durban, South Africa email: fanselb@fiu.edu

Aims and Scope

The Journal of Environmental Management is a journal for the publication of peer reviewed, original research for all aspects of
management and the managed use of the environment, both natural and man-made. Critical review articles are also welcome;
submission of these is strongly encouraged.

As governments and the general public become more keenly aware of the critical issues arising from man's use of his environment,
this journal provides a forum for the discussion of enviranmental problems around the world and for the presentation of management
results. It is aimed not only at the environmental manager, but at anyone concerned with the sustainable use of environmental resources.

Research Areas Include, but are not exclusive to:

¢ resource quality, guantity and sustainability  economics of environmental management e transport and fate of pollutants in the
environment e spill prevention and management e remediation of contaminated sites e process modification for pollution prevention
e improved energy efficiency » waste treatment and disposal

Papers submitted should address environmental management issues using a range of technigues e.g. case studies, observational and
theoretical analyses, the application of science, engineering and technology to questions of environmental concern or mathematical
and computer modeling techniques with the aim of informing both the researcher and practitioner.

Note to contributors SRR

Online submission is available for this journal, to submit your article online, go to hitp://ees elseviercom/iema. Instructions oh how to
submit @ manuscript to the journal can be found in the Guide for Authors on the journal homeoags 2t hitp.//www.elsevier.com/locale/
jenvman,



Journal of

Environmental
Management

Editor-in-Chief

A. GILL

Microbial and Nutrient Contaminants of Fresh and Coastal Waters

Guest Editor; Peter Hooda

658.408

27130
Journal of environmental management.

CONTROLNUMBER [ “oooagy
ACCESSION NUMBER | 57 %o
DATE 20 ) /i

[

A I
ELSEVIER



Orders, claims, and journal enquiries: please contact the Customer Service Department at the Regional Sales Office nesrest vous

Orlando: Elsevier, Customer Service Department, 6277 Sea Harbor Drive, Orlando, FL 32887-4800, USA; phone; (877) 8397126 [woll fiee
within the USA]; (+1) (407) 5636022 [outside the USA]; fax: (+1) (407) 3631354; e-mail: JournalCustomerService-usal@elsevier com

Amsterdam: Elsevier, Customer Service Department. PO Box 211, 1000 AE Amsterdam, The Netherlands: phone: (+31) (20) 4833737:
fax: (+31) (20) 4833432; e-mail: nlinfo-l@elsevier.com

Tokyo: Elsevier, Customer Service Department, 4F Higashi-Azabu. 1-Chome Bldg. 1-9-15 Higashi-Azabu. Minato-lu. Tokyo 106-0044,
Japan: phone: (+81) (3) 5561 5037: fax: (+81) (3) 3561 3047; e-mail: jp.info@elsevier.com

Singapore: Elsevier, Customer Service Department, 3 Killiney Road. #08-01 Winsland House I, Singapore 239519: phone: (+65) 63490222:
fax: (+65) 67331510; e-mail: asianfo(welsevier.com

USA mailing notice: Journal of Environmental Management (ISSN 0301-4797) is published monthly, witit additional copies in January. April, July,
and October, by Elsevier Ltd. (The Boulevard, Langford Lane. Kidlington, Oxford OX5 1GB, UK). Annual subscription price in the USA USS 1223
(valid in North, Central and South America), including air speed delivery. Periodical postage paid at Rahway NJ and additional mailing offices,

USA POSTMASTER: Send address changes to Journal of Environmental Management, Elsevier, 6277 Sea Harbor Drive, Orlando, FL 32887-4800
AIRFREIGHT AND MAILING in the USA by Mercury International Limited. 365, Blair Road, Avenel, NJ 07001.

Printed by the Alden Group, Oxford. UK

© 2008 Elsevier Ltd. All rights reserved.
This journal and the individual contributions contained in it are protected under copyright by Elsevier Lid.. and the following terms and conditions
apply to their use:

Photocopying

Single photocopies of single articles may be made for personal use as allowed by national copyright laws. Permission of the Publisher and payment of
a fee is required for all other photocopying, including multiple or systematic copying, copying for advertising or promotional purposes, resale, and
all forms of document delivery, Special rates arc available for educational institutions that wish to make photocopies for non-profit educationgl
classroom use.

For information on how to seek permission visit www.elsevier.com/permissions or call: (+44) 1865 843830 (LK )\(-H1) 215 239 3804 (USA).

Derivative Works

Subscribers may reproduce tables of content or prepare lists of articles including abstracts for internal circulation within their institutions. Permission
of the Publisher is required for resale or distribution outside the institution. Permission of the Publisher is required for all other derivative works.
including compilations and translations (please consult www.elsevier.com/permissions).

Electronic Storage or Usage

Permission of the Publisher is required to store or use electronically any material contained in this journal, including any article or part of an article
(please consult www.elsevier.com/permissions).

Except as outlined above, no part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or by any means,
electronic. mechanical. photocopying, recording or otherwise, without prior written permission of the Publisher,

Notice

No responsibility is assumed by the Publisher for any injury and/or damage to persons or property as a matter of products linbility, neglipence
or otherwise, or from any use or operation of any methods, products, instructions or ideas contained in the material herein. Because of rapid
advances in the medical sciences, in particular, independent verification of diagnoses und drug dosages should be made.

Although all advertising material is expected to conform to ethical (medical) standards, inclusion in this publication does not constitute a
guarantee or endorsement of the quality or value of such product or of the claims made of it by its manufacturer.

Author enquiries

For enquirics relating to the submission of articles (including electronic submission where available) please visit this journal’s homepage at
hitp:/www.elseviercom/locate/jenvman, You can track accepted articles at hitp://www.elsevier.com/trackarticle and set up e-mail alerts to
inform you of when an article’s status has changed. Also accessible from here is information on copyright, frequently asked questions and more,

Contact details tor questions arising after acceptance ol an article, especially those relating to proofs. will be provided by the publisher.

Funding body agreements and policies

Elsevier has established agreements and developed policies to allow authors who publish in Elsevier journals to comply with potential
manuscript archiving requirements as specified as conditions of their grant awards. To learn more about existing agreements and policies please
visit http:/'www.elsevier.com/fundingbodies



Jowrnal ol Environmental Management 87 (2008) 333-534

Jeurnal of
Environmental
Management

www elsevier.comylocate/jenvman

Editorial

Microbial and nutrient contaminants of fresh and coastal waters

Water quality protection is important [rom both human
health and environmental perspectives. Drinking water
quality is an issue of global human heulth concern.
principally due to waler contamination with pathogens
and potentially toxic chemicals. Contaminants in fresh-
water resources can arise from a variety of sources
including those associated with the treatment and disposal
of sewage and agricultural livestock wastes. Pathogenic
contaminants Itom these mixed sources include viruses and
bacteria such as Escherichia coli O157]1 and the protozoa
Giardia and Cryptosperdium parvwimn raising issues in terms
ol drinking water (e.g.. Directive 98/83/EC) and recrea-
tional use such as bathing waters (Bathing Water Directive.
76/160/EEC). For example. the town of Walkerton
(Ontario. Canada) experienced the largest waterborne
disease outbreak in Canada (Goss and Richards, 2008).
which was linked to the contamination of the water
supply system with pathogens that originated in manure,
resulting in 2300 cases of gastroenteritis and seven deaths
(cf. Goss and Richards, 2008). Similar outbreaks ol
cryplosporidiosis in England and Scotland were attributed
to slurry spreading or other cattle activities (cl. Hooda
el al. 2000a).

The Bathing Water Directive sets a4 number ol manda-
tory microbiological and chemical standards which bathing
waters should comply with. Within rural settings the
major diffuse and point sources of microbial contamina-
tion are largely associated with livestock farming activities;
however waters in catchments with no livestock or other
apparenl sources can be contaminated by wildlife sources
(Hooda et al., 2000a). The compliance with microbio-
logical standards can also be compromised in catchments
with no obvious direct point or diffused sources, as
discussed by Stapleton et al. (2008) where untreated
sewuge overllows accounted for >90% of the total
microbial load. Clearly compliance with the Bathing Water
Directive as well as for public health protection all
potential sources need to be regularly assessed/ monitored
in order (o develop effective water quality management
strategies,

Nutrient enrichment. mainly with phosphorus (P) of
[reshwilers can cause excessive growth of algae. leading Lo
general degradation of aquatic ecosystems, including loss
of hiodiversity. The role of nitrogen (N) in eutrophication

Q301479775 -see front matter 0 2007 Elsevier Lud. All rights reserved.
doi: 10, 1016/). Jenviman. 2007,08.020

is less clear, however, there are other N related water
quality issues. such as compliance with the nitrate-N limit
(Nitrate Directive 91/676/EEC), and impacts ol reduced-N
on aquatic ecology. Excess impuls ol either forms ol the
reduced N (NH3-N or NH;-N) can seriously immpair
aquatic ecology through direct toxicity (NHs) and dimin-
ished dissolved oxygen (due to oxidation of NHy) supply
impacts upon invertebrates (Hooda el al., 2000b) and fish
(Camargo and Alonso, 2006).

N and P arise generally from intensive agriculture
(Hooda et al., 2000a: Withers and Lord. 2002): however,
their inputs from sewage treatment works can be equally
important in densely populated catchments (Jarvie et al..
2006). Within rural catchments, livestock larming presents
more complex input sources ol nutrients and carbon rich
substances into waters. Among these sources is runoff from
larmyards which can be highly contaminated with a variety
of substances, including nutrients and faecal indicator
organisms (Edwards et al.. 2008). Similarly inputs of *dirty-
water’” from animal housing, including milk parlour
washings or overflow of silage effluents can seriously
impair receiving walters by contributing a cocktail of
contaminants. Such inputs include dissolved oxvgen
depleting labile carbon rich waste and large amount of
nutrients (Edwards and Hooda, 2008). Direct discharges of
such effluents from animal housing areas can also
contribute significant quantities of faecal bacteria and
NH,N (Monaghan and Smith, 2004). Together, these
livestock farm effluents have been known to degrade
ecological quality of receiving waters (Hooda et al., 2000b),
Ecological status of waters has gained much more
significance in recent years because of the Water Frame-
work Directive (Directive 2000/60/EC), which places
ecological quality protection at the centre of water
management strategies.

The connectivity between fresh- and coastul-waters
means contaminants arising Irom inland sources reach
the marine environment. It is thus largely catchment
sources, both rural and urban. that need to be targeted in
order Lo control contaminants transport 10 coastal walers.
As point sources are relatively easy to identily and control,
the diffuse agriculture sources are becoming increasingly
significant. As a result of this. farm nutrienl management
is becoming an important tool to reduce nutrient losses
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to waters by implementing best management practices
(Monaghan ct al., 2008).

The special issue brings together current research that
(uantifies specific aspects ol contamination and remediation
of fresh and coastal waters. The paper topies have been
selected to deseribe the issues, supporting research and finally
management strategies. It is hoped that the issue makes a
significant contribution to the understanding of microbial
and nutrient contaminants for further improvement in water
resource management, including ecological quality which is
the mainstay in the Water Framework Directive.
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Abstract

Under the EU Water Framework Directive (WFD) 20/60/EC and the US Federal Water Pollution Control Act 2002 management of
water quality within river drainage basing hag shifted from traditional point-source control to a holistic approach whereby the overall
contribution of point and diffuse sources of pollutants has to be considered. Consequently, there is a requirement to undertake source-
apportionment studies of pollutant fluxes within catchments. The inclusion of the Bathing Water Directive (BWD). under the list of
‘protected areas’ in the WIFD places a requirement to control sources of faecal indicator organisms within catchments in order to achieve
the objectives of both the BWD (and its revision - 2006/7/EC) and the WFD. This study was therefore initiated to quantify catchment-
derived fluxes of faccal indicator compliance parameters originating from both point and diffuse sources.

The Ribble drainage basin is the single UK sentinel WFD research catchment and discharges to the south of the Fylde coast. which
includes a number of high profile. historically non-compliant. bathing waters. Faccal indicator concentrations (faecal colilorm
concentrations are reported herein) were measured at 41 riverine locations, the 15 largest wastewater treatment works (WwTWs) and 15
combined sewer overflows (CSOs) across the Ribble basin over a 44-day period during the 2002 bathing season. The sampling
programme included targeting rainfall-induced high flow events and sample results were categorised as either base flow or high fow. Al
the riverine sites, geometric mean faecal coliform concentrations showed statistically significant elevation at high flow compared to base
[low. The resultant faccal coliform flux estimates revealed that over 90% of the total organism load to the Ribble Estuary was discharged
by sewage related sources during high flow events. These sewage sources were largely related to the urban areas to the south and east of
the Ribble basin. with over half the load associated with the relatively small subcatchment of the River Douglas. The majority of this
load was attributed to two WwTWS3 that discharge through a commen outfall close to the tidal limit of this catchment. Budgets adjusted
Lo accommodate the impact of proposed UV disinfection of these effluents showed that the load from these sources would be reduced
significantly during base flow conditions. However, during high fow events loads would still remain high due to the operation of storm
sewage overflows from stormwater retention tanks. The study identified untreated storm sewage spills from urban infrastructure and
WwTW stormwalter retention tanks as the dominant component of the high flow flux of faecal indicators to receiving waters of the Fylde
coast and the associated bathing waters.

2007 Elsevier Ltd. All rights reserved.

Keywordy: Water Framework Directive: Faecal indicators: Coliform: Enterococct; Diffuse pollution: Sewage; Drainage basin: Source-upportionment;
Cutchment profiling; Intermittent discharges

*Currcspond]ng author. Telfax: 44 1570423565,
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1. Introduction

The introduction of the EU Water Framework Directive
(WED 20/60/EC (CEC. 2000)) represents a major shift
from traditional point-source effluent quality regulation
towards a catchment-wide approach (Kay et al.. 2006a).
This requires the consideration of point and diffuse
pollution sources in concert in order to effect control of
waler quality at the point where it is used for eco-system
maintenance. water supply, recreation or fisheries. Regula-
tion of water quality under the Directive is based on the
‘drainage basin® within which Member States are required
to achieve ‘good ecological status and quality’ in their
watercourses by 2015,

Crucially. Article 6 of the WFD requires the EU member
states Lo identify “protected areas’ that ‘have been
designated as requiring special prolection under specific
Community legislation for Lhe protection of their surface
water and ground water or for the conservation of habitals
or species directly depending on water’ (CEC, 2000). The
specific legislation referred to is listed in Annex VI of the
WFD and includes, inter alia. areas covered by the Bathing
Water Directive (BWD 76/160/EC (CEC, 1976)). The
principal compliance parameters of the BWD are faecal
indicator organisms, i.c. total coliforms. faccal coliforms/
Escherichia coli and intestinal enterococei. thus placing a
legally binding obligation on the competent authorities in
EU member states to limit indicator bacterial concentra-
tions in bathing waters through a combination of point and
diffuse source control (WFD Article 10). Article 11 of the
WEFD outlines the requirement for a “program of measures’
to implement the Directive with ‘hasic measures’ being
those necessary to achieve the criteria specified in the
Directives outlined in Annex VI.

The recently agreed revision to the BWD (CEC, 2006)
clearly states the expectation that the WFD will provide the
tools lor the implementation of the new “health-evidence-
based” microbiological guidelines lor recreational walters.
The basis for these standards was taken from the
microbiological guidelines for recreational waters outlined
in WHO (2003) and Kay et al. (1994, 2004, 2006b) whilst
the Directive also promotes the concepts of the ‘drainage
basin-scale profile’ ol [aecal indicalor sources as recom-
mended by WHO (1999, 2003) (namely; the “Annapolis
Protocol’).

Similar principles to the WFD’s catchment-wide man-
agement of water quality are contained within the USA’s
Federal Water Pollution Coentrol Act (Anon, 2002), which
uses a ‘total maximum daily load (TMDL)" approach (Kay
et al., 2006¢). The Act requires that States identily water
bodies that do not meet defined water quality standards
and specily how much of a pollutant a water body can
tolerate whilst complying with water quality standards.
The TMDL investigation aims to quantify all pollutant
fluxes from point sources such as wastewaler treatment
works (WwTWs) and diffuse sources from both agriculture
and surface water drainage of urban areas (Anon, 2005).

Once the contribution of the various sources have been
determined remediation measures can be designed to
reduce the pollution load within the TMDL, whether thie
is through management of point sources (¢.g. improved
sewage treatment) and/or diffuse sources (c.g. better
agricultural management praclices).

Key to the successful application of water quality
management both in Europe and the USA. therefore,
is Lthe apportionment of pollutant fluxes to various
sources identified within a catchment. In the UK. whilst
monitoring and modelting of pollutants such as the
nutrients. nitrogen and phosphorus are relatively well
established (Delra, 2003; Haygarth et al., 2005). very
little attention has been given to the monitoring and
modelling of faccal indicator organisms in river catch-
ments. Thus, there is a lack of empirical data on which to
base initial assessments of faecal indicator loads (Kay
et al., 2007a).

The study of the Ribble catchment described below is the
first large-scale (area; 1583 km?) catchment investigation of
source-apportionment for faccal indicator fluxes in the
UK. concentrating on the UK's sentinel drainage basin
chosen to test the implementation and application of the
new WED principles. The study had two main aims: (i) to
provide an assessment of point and diffuse sources of faecal
indicators within the catchment: and (ii) to explore the
relationships between remotely-sensed digital land cover
data and water quality and to develop a modelling tool
capable of predicting faecal indicalor concentrations in
watercourses without the need for extensive empirical data
collection. This paper describes the empirical data collec-
tion exercise and resultant faecal indicator organism
budgets, providing an assessment of source-apportionment
within the River Ribble basin. The use of digital land cover
data for the prediction of [aecal indicator organism
concentrations in the River Ribble basin, which utilised
the water quality data described herein, is outlined in Kay
et al. (2003a).

2. Materials and methods
2.1, Study area

The Ribble Estuary is located immediately o the
south of the Fylde coast, Lancashire in the north west
of England. This stretch of coast includes some of the
UK’s premier resorts and bathing beaches and hus been
subject to significant infrastructure investments (> £600 m)
on point-source remediation to achieve the standards
of the 1976 BWD. Five main subcatchments drain mto
the Ribble Estuary: the River Ribble, the River Darwen,
the River Douglas, the River Lostock and the
River Yarrow (Fig. 1), The largest subcatchment
(1130km?) is drained by the River Ribble itsell, which
flows south from the flanks of the Pennine hills. Two
major subcatchments of the Ribble, the River Hodder and
the River Calder. drain from the north and south,
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Legend N

= River sampling points
(see Table 1 for key)

& WwTW sampling points
(FE & STOs)

A Discharge gauge

[ Level gauge

| Intertidal area
— Subeatchment boundary

Location in UK:

Fig, 1. The Ribble catchment showing the riverine and wastewater treatment works sampling sites used during the 2002 emprirical data collection exercise.

respectively. joining with the River Ribble south of
Clitheroe. The river then drains southwest through an
area of lower relief to the tidal limit near Preston. The
remaining [our major rivers drain an area of comparatively
low rehief in the southern section of the river basin (Fig. 1).
The subcatchments of the Rivers Calder, Darwen and
Douglas contain extensive conurbations. Land cover in the
remaining area is largely pastoral with some lorestry in the
upper reaches of the River Hodder subcatchment.

2.2. Field study design

Forty-one river monitoring points were selected from the
Environment Agency (EA) sampling nelwork. which
included several flow gauge locations (Fig. 1). River flows
were characterised from hourly discharge (m”s ') or stage
(m) time series records [rom 22 hydrometric moniloring
stations within the catchment operated by the Environment
Agency (Fig. 1).
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The 13 largest WwTW inputs, characterised in terms of
treated final effluent (FE) faecal indicator organism load
during a preliminary desk study (Wither et al.. 2005). were
selected for monitoring of treated FE and storm overflow
effluent (i.e. overflows from storm storage and/or inlet
combined sewer overflows, CSOs). These inputs represented
over 95% of the estimated faecal indicator organism load
from FE sources (Wither et al., 2005). Flow monitoring
equipment was installed at most FE and storm overflow
monitoring points if it was not already monitored on an
hourly basis. One WwTW (Skelmersdale) comprised of two
distinct treatment streams that necessitated sampling two
FEs prior to their mixing. The effluent from this facility was
discharged into the River Douglas via a common outfall
shared with Wigan WwTW. In addition. monitoring of
intermittent storm sewage elfluent flow was carried out at
15 CSOs. one chosen from each sewer network catchment
area associated with the 15 WwTWs selected above.

Sampling was undertaken between 30/7/02 and 10/9/02.
Routine samples were taken at two to three day intervals to
characterise base flow conditions. Opportunistic sampling
in response to rainfall was implemented to target riverine
sampling during hyvdrograph events, when faecal indicator
organisms have been observed to increase (Crowther et al.,
2002, 2003; McDonald and Kay, 1981: Wilkinson et al..
2006; Wyer et al., 1996, 1998). Sampling under these
conditions also included stormwater surcharged FE flows
and intermittent sewage effluent discharges from storm tank
overflows (STOs) and CSOs. Access was provided to the
EA flow monitoring station telemetry system to allow real-
time monitoring of river levels during the study to ensure
the optimum sampling response to hydrograph events.

Samples were collected aseptically into 150ml sterile
disposable plastic containers. A larger volume (250 ml) was
collected at one site on each sampling run for quality
control duplicate analysis. Samples were stored in the dark
inside a cool box during transport to the laboratory.
Indicator organism enumerations (total coliforms (TC).
faecal coliforms (FC) and intestinal enterococei (EN))
followed standard UK methods based on membrane
filtration (Environment Agency, 2000). FC and EN
enumerations were filtered in triplicate to enhance mea-
surement precision (Fleisher and McFadden, 1980). Re-
sults were expressed as colony lorming units (cfu) 100 ml™ ’.

A total of 1299 samples were analysed for TC, FC and
EN although 63 TC results (one for each sample site) were
disregarded due to an incubator malfunction. Paired r-tests
were used to compare duplicate bacteriological analyses of
control samples with corresponding sample results. The
results showed no significant differences (i.e. p=10.03) for
all three bacterial parameters (TC: t = —1.23, p=0.24;
FC: 1= 1.33, p=020; EN: r = —1,14, p=0.27).

2.3. Data analysis and flux estimation

Hourly flow records for the riverine sites were separated
into base flow and rainfall-induced high flow hydrograph
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events (Wyer et al,, 1996) using a combination of bespoke
computer programmes (Pascal) and visual inspection of
individual hydrograph events.

The hourly discharge records for the FE at the L3
WwTWs were also split into base flow and high flow event
components in response to rainfall, This was achieved
using a combination of a flow threshold derived from a
large activated sludge WwTW (Wyer et al.. 1998) and
comparison of the flow trace with a typical daily flow
pattern derived from records for periods with no rainfall.
The application of the flew threshold to other WwTWs is
uncertain and a similar analysis ol data from the current
study suggested that such thresholds were not present at
the WwTWs in the Ribble catchment. However, it was
necessary for a high flow component of FE to be included
in the budget calculations so not to unduly bias base and
high flow budgets. Thus, in absence of an alternative
method to separate flows, the threshold of 1.74 x average
dry weather flow (dwfl) was utilised. Whilst this method
produced separations consistent with similar previous
studies in most cases, it was necessary to employ a degree
of manual intervention al some locations. In these cases,
each record was then inspected for significant deviations
from the typical low pattern corresponding to rainfall data
derived from local continuous rainfall recorders. The
separation suggested by the 1.74 x dwf algorithm was
then adjusted better to reflect increased flow derived from
rainfall and to exclude any ‘high flow™ periods above the
1.74 x dwfl threshold not associated with rainfall.

All samples and discharge at STO and CSO sites were
assigned to the high flow category, as in normal operation
flows from such assets should only occur during rainfall
driven events.

All statistical analyses reported here were conducted
using log transformed data since the distribution of faecal
indicator concentrations showed a closer approximation to
a normal probability density function when transformed.
Descriptive statistics were used to characterise the distribu-
tion of faecal indicator concentrations collected during
base flow and high low conditions. including the geometric
mean (GM) (caleulated as the antilog of the mean of log,,
transformed concentrations), the standard deviation of
logyy transformed concentrations. the 95% confidence
interval for the mean and the range. Statistical significance
was assessed at o = 0.05 (i.e. 95% confidence level or 5%
significance level).

Faecal indicator organism flux under base flow and high
flow conditions was estimated as the product of discharge
and [aecal indicator concentration for each site. i.e. the
base flow and high flow geometric mean faecal indicator
concentration for each source (/) was multiplied by the
appropriate base flow (h) and high flow (h) discharge
volume for the study period (9am GMT 29/7/02 to Yam
GMT 11/9/02; 1056 h). The total load for each budget was
calculated as the sum of the loads (rom each source
contributing to the point on the river network lor which
the budget is being calculated (e.g. tidal limit).
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Due o the large amount of information generated by
this project, results are presented only for strategic
locations mentioned in the text. Faecal coliform results
are presented throughout as an exemplar given that
distributions were similar for all three organisms. Broadly.
TC concentrations tended to be an order ol magniltude
higher than FC concentrations that, likewise. were an order
of magnitude higher than EN concentrations. Where
variations were present, these are described in the text. A
description of land use impacts on riverine faccal indicator
organism concenlralions is given in Kay et al. (2003a).

3. Results
3.1. Discharge during the study period

To contextualise flow conditions encountered during the
field study an analysis of return periods was undertaken.
Peak flow in the River Ribble at Samlesbury (657m s™")
on 2/8/02 had a return period of one in seven years based
on an annual series and 1 in 38 years based on the bathing
season (1st May (o 30th September). Peak flow in the River
Darwen at Blue Bridge (84 m s ', 2/8/02) had a bathing
season series return period of one in four years. The peak
flow in the River Douglas on 2/8/02 was not extreme and
was lower than during later events. These differences in
discharge magnitude can by accounted for by the difference
in catchment topography. location and localised nature of
summer storms.

Daily mean discharge (DMD) at the Samlesbury gauge
for the 44-day study period was also compared with
corresponding data for the same period during the previous
Il years (l.e. 1991-2001). using median values and non-
parametric statistical analysis (Sign test of the median) due
lo the skewed distribution of values even following
transformation. The results are shown in Fig. 2 as the
median DMD and range for each year and the overall
median and range for all years. The overall maximum value
(343.87m s ") was recorded during the study period.
However. the median daily mean discharge during the
study period (13.51 m*s™') was not the highest recorded,
which was 34.33m"s ™' recorded for the same period in
1998. The median DMD during the study was 1.76 times
higher than the overall median value (7.68m’s™'). The
results suggested that the median DMD during the study
period was significantly elevated (p = 0.0048) compared to
the overall value.

This analysis suggests that conditions during the study
period were (o some extent atypical with generally elevated
discharge, indicated by the elevated median value, and
extreme elevation in terms of the maximum value. The
maximum was associated with localised, heavy and
prolonged rainfall during the first week of the study which
was observed to produce flood conditions in the upper
Ribble catchment. Thus, conditions during the study may
represent. 1o some extent. a case of elevaled summer
discharge.
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Fig. 2. Median and range ol daily mean discharge (m¥s™") at the
Samleshury gaugme station on the River Ribble during a 44-day period
corresponding to the 2002 field study (29 July to 10 September) for the
vedrs 1991-2002.

3.2, Faecal indicaror organism coneentrations ai riverine
sites

Faecal coliform results for key river and stream sample
points are summarised in Table 1. At least six high flow
samples were obtained from each site during the course of
the study with ten or more high flow samples taken at 21 of
the 41 sites. The results show wide temporal variations in
faecal indicator organism concentrations and a statistically
significant increase in concentration in response lo hydro-
graph events. In most cases, the elevation in GM
concentration at high flow was at least an order of
magnitude over the base flow concentration.

The greatest base flow and high flow concentrations
of all three faecal indicator organisms were found at
Wanes Blades Bridge on the River Douglas (site 701) whilst
the lowest concentrations were associated with rural
headwater and tributary streams. Along the course of
the River Ribble itself. the base flow GM concentration
varies in response to inputs from WwTWs (e.g. between
site 106 and 105 (Settle WwTWs) and sites 104 and
103 (Clitheroe WwTWs)). Concentrations remain similar in
the lower catchment (sites 101-103) despite the mput of
water with relatively high GM concentrations [rom
the River Calder (site 120), probably due to the input of
cleaner water [rom the River Hodder (site 109) plus die
ofl and sedimentation of organisms in the lower calch-
ment. The River Calder shows a general increase in
GM concentrations towards the catchment outlet at
Whalley Weir (site 120) through inputs from WwTWs
at Colne. Burnley and Hyndburn. The River Hodder
has no substantial sewage effluent inputs and consequently
has much lower GM FC concentrations. The catchments ol
the Rivers Darwen and Douglas, show pronounced
increases in base flow GM concentrations towards the
catchment outlets (sites 201 — Blue Bridge and 701 — Wanes
Blades Bridge) relating to WwTW effluent discharges

from the Darwen and Blackburn WwTWs (Darwen
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Table |

Geometric mean and standird deviation ol logy, transformed faecal coliform concentrations (cfu 100 ml™") at selected river sampling points in the Ribble
catchment between 30/7/02 and 10/9/02
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Site Base flow High fiow

Geomelric mean (cfu SDf n" Geometric mean (cfu s.DA e

100 mi—") 100 mI™")
101 R, Ribhle, Samleshury 5.57x 107 0.325 I 4.98 % 0% 1,899 12
102 R. Ribble; Ribchester 1,30 % 10% 0.364 10 1.25 % 10 ).588 I3
103 R. Ribble. Great Mitton 1.30 x 107 0.229 1 7:85 % 10™% 0.682 12
104 R. Ribble, Sawlev 3,74 % 10° 0).296 12 7.57 % 10+ 0.752 [0
105 R. Ribble, Cow Bridge 340 % 107 0.373 12 3.66 % 0% ().448 [
106 R. Ribble, Settlle Weir 2,56 % 10° 0.233 12 186 x 10* 0:426 1)
07 R. Ribble, Hton-in-Rib'dale 1.64 % 107 0.370 12 1.69 % 10% 0.514 10
109 R, Hodder. Lwr Hodder Br. 1.50 % 107 0.274 13 9.40 % 10% 0.489 10
110 R. Hodder, K'mere Man. 2.38:% 10° 0.144 13 5.00 % 10 0.647 7
120 R. Culder, Whalley Weir 5.15% 10 0,458 11 231 % 10% 0.424 14
121 R. Calder, Athum Bridge 2.14'% 10 0.546 14 4.54 x 10 (.374 9
122 R. Calder. Townley Park 3.50 5 1 0.307 13 4.09 x 10* 0.554 9
201 R. Darwen, Blue Bridge 575% W° (1.501 i 9.27 x 16™ 0.974 16
202 R. Darwen. Pl'ton Fields 1.82 % 10* 0.477 11 348 % 10 0,793 11
203 R. Darwen. Hollins Mill 138 = 10 0.378 (R} §.33 % 10% ().545 11
S00 R, Lostock 160 10* 0308 10 1,95 x 107 (1366 13
601 R. Yarrow. Fishery Bridge 2.6 = 10° 0.254 12 2.99 % 10™ (.439 12
701 R. Douglas. Wanes Blades 537 %107 0.794 12 3.57 x 105 0.383 15
702 R. Douglas. Martland Bridge 1.69 % 107 0.276 3 3,49 5 10 (1458 &
703 R Tawd 333 x 10 0.420 13 1.64 % 107 ().308 10

18.0. = standard deviation of log, transformed concentrations.
b1 = number of observations.

“Results of Student’s -test show a significant difference in geometric mean at high flow compured to base flow at « = (.05 (93%, confidence).

calchment) and Wigan and Skelmersdale WwTWs (Dou-
glas catchment).

There is less distinct variation in high flow GM
concentrations, possibly due to sewage effluent related
inputs dominating under base flow conditions and dilTuse
catchment sources being mobilized during high [ow
response to rainfall. The River Ribble itsell shows a
general increase in high low GM concentration down-
stream from Horton-in-Ribblesdale (site 107) to Ribchester
(site 102). Relatively high GM fuaecal indicator concentra-
tions are again associated with sites in the River Calder,
Darwen and Douglas catchments, probably related to
sewerage syvstem overflows which discharge during high
flow conditions in the urbanised areas of these catchments.
Spatial patterns of variation in water gquality in relation to
land cover in the catchment are explored further in Kay et
al. (2005a).

3.3. Faecal indicator organism concentrations in treated and
averflow sewage effluents

Faecal indicator organism concentrations in FE
samples did not show any consistent pattern of increase
or dilution in response to event conditions (Table 2).
During high flow events, statistically significant elevations
in GM concentrations of all three indicators were observed

only at Colne WwTW with elevations of FC and EN at
Wigan WwTW, for FC at Blackburn WwTW and
EN at Hyndburn WwTW, In contrast, Clitheroe WwTW
displayed statistically significant dilution in GM TC
concentrations during high fHow conditions. The worst
guality ol effluent for both TC and FC during base flow
and high flow conditions was at Skelmersdale A WwTW
FE (site 312). where high flow TC and FC GM concentra-
tions exceeded 1.0 x 107efu100ml™" (Table . S S 4
interesting to note the difference in the effluent quality
of the two treatment streams at Skelmersdale WwTW
(Table 2).

With the exception of Horwich WwTW inlet CSO
(site 333), where only one sample was oblained, at least
three samples were collected from the WwTW STOs and
inlet CSOs, with a maximum of seven samples being
collected from Barnoldswick WwTW STO (site 324) and
Croston WwTW STO (site 328) (Table 3). Maximum FC
concentrations were observed at Skelmersdale WwTW
STO (site 314).

Difficult access and time constraints during rainfall event
conditions meant that it was only possible 1o collect CSO
effluent samples from Rishton Tanks CSO (site 334). The
GM FC concentration caleulated from the four samples
collected from this site is shown in Table 3. Storm sewage
overflow effluent concentrations in effluents discharged



Table 2

Geametrie mean and standard deviation of log,, transformed faccal coliform concentrations (cfu 100ml™") al treated effluent sampling points in the
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Ribble cutchment between 30/7/02 and 10/9/02

Site Base flow High flow

Geometric mean (¢fu s n Geometric mean (cfu 5.D." n"

100ml) 100ml ")
301 Wigan WwTW 6.29 % 10° 0.546 13 388 x 10 0,603 7
303 Hyndburn WwTW 4:34% 107 0.474 12 1.09 % 10° (1802 b
305 Blackburn WwTW 7:27 x 10° 0.614 13 333 % 10% (.630 6
308 Burnley WwTW 4.04 % 107 0.755 11 857 10¢ 0.746 9
310 Darwen WwTW 215 % 17 N.272 13 2,90 % 10° (1,644 &
312 Skelmersdale A WwTW 5.05 % 10° 0917 14 209 % (07 1.118 5
313 Skelmersdale B WwTW 1.25 % 10° 0.815 14 5.49 % [0° 1118 5
315 Chorley WwTW 201 % 10° 0.567 11 133 % 107 (.834 B
317 Walton-le-Dale WwTW 170 = 107 .346 13 6,40 x 10° 0.494 4
319 Horwich WwTW s x 104 0.772 14 1.63 = 107 1.067 5
321 Leyland WwTW 4.96 = 10 0.774 14 7.0 % 10* (.845 s
323 Barnoldswick WwTW 257 % 10° 0.354 Il 283 10° 0.253 b
325 Colne WwTW 1.67 x 10° 0.479 4 4.96 % 10% (.233 6
327 Croston WwTW 6.89 % 10° 0.444 ] 0
329 Clitheroe WwTW 1.29 % 10° 0.227 13 6.20 x 10° 0.502 7
331 Settle WwTW 2.93 % 107 1.173 |6 282 x%10° 0.577 4

“8.D. = stundurd deviation ol Togyy transformed concentrations.
i = number ol observations.

“Results of Student’s ~test show a significant difference in peometric mean at high flow compared to base flow at « = 0,05 (95% confidence).

Tuble 3.

Geometric mean and standard deviation of logy transformed faecal
caliform concentrations (cfu 100 mi~") at overflow sampling points in the
Ribble catchment between 30/7/02 and 10/9/02

Site Geometric SHe "
mean (cfu
100ml ")
302 Wigan 510 9.73 % 10° 0.516 5
04 Hyndburn STO 6.8) % 107 ).529 5
306 Blackburn STO 6.44 % 10° 0.563 3
307 Blackburn inlet €SO 2,77 x 10° 0632 3
309 Burnley STO 4.31 = 1Y 0,334 4
311 Darwen STO 1.75 % 107 0,651 3
314 Skelmersdale STO 1.69 % 10° 0,653 3
J16 Chorley STO 6.35 = 10" 0,531 0
318 Walton-le-Dale STO 4358 % 107 0.354 4
320 Horwich STO 979 % 10° 0,380 4
322 Leyland STO 1,80 % 10" 0,272 4
324 Barnoldswick STO 521 % 107 0,331 7
326 Colne 8TO 4.70 % 10° 0175 3
328 Croston STO T.10 % 10° 0401 9
330 Clitheroe STO 581 =107 0422 4
332 Settle STO 7.91 = 10° 1.191 4
333 Horwich inlet CSO 333 % 10° - I
134 Riston Tanks 131 10° 1.429 4
All overflow sumples 354 % 10" 0,714 76

“5.00. = stundard deviation of log, transformed concentrations.
I

i = number of ohservations.

from unsampled CSOs were characterised by the GM of all
efuent overflow samples (l.e. GM of all WwTW storm
tank overflow samples and the four samples [rom Rishton
Tanks CSO) (Table 3).

3.4. Faecal indicator organism budger for the Ribble
Estuary

The faecal mdicator organism budgets lor mputs to the
Ribble Estuary displayed results consistent with the desk
study described in Wither et al. (2005). Diffuse catchment
sources (i.e. the rivers) accounted for 99% of the discharge
(i.e. water quantity) budget, 57% of this being discharged
during high flow cvents (Table 4). The River Ribble
contributed the largest proportion ol the flow (74%), the
Rivers Darwen and Douglas contributing 8%-9% ol the
flow each and the Rivers Yarrow and Lostock 3% 4%
each (Table 4).

An estimated 5.24 x 10" FC were discharged 1o the
Ribble Estuary over the period 30/7/04 to 10/9/04, of which
rivers receiving upstream sewage effluent discharges
delivered 90% during high flow events (Tahle 4). The
principal riverine input was the River Douglas (site 701),
which accounted for over 62% of the FC load during both
base flow and high flow conditions, despite accounting for
only 8% of the discharge volume (Fig. 3). The second
largest riverine input to the estuary was the River Darwen
(site 201). contributing 18% of the total FC load (o the
estuary (Table 4). The River Ribble at Samlesbury (site
101) was estimated to represent 8% of the total FC load (o
the estnary. despite accounting for three quarters of the
fAow volume (Table 4). The Rivers Lostock and Yarrow
each contributed less than 3% of the total bacterial input
to the Ribble Estuary (Table 4).

The hourly time series of rainfall (mm). FC fux
(organisms 5 ') and proportional contributions (%) show
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Table 4

Parcentage contribution of discharge and faceal coliform inputs to the Ribble Estuary between 30/7/02 and 10/9/02

% Contribution to discharge budget

Faecal coliform load (%)

Base Tow High flow Total Aow Base flow High flow Total flow
)1 R. Rihble il.6h6 42.59 74.24 0.64 7.68 §.32
201 R. Darwen 4.16 4.9% 9.14 .87 1670 17.57
501 R. Lostock 1.51 262 4.12 014 2,83 297
601 1. Yarrow 1.62 2,15 377 .15 2,32 2,48
701 R. Douglas 3.54 4.62 R.16 6,84 59.99 68T
317 Walton WwTW FE 0.28 016 0.44 =0.01 _ 038 0.39
328 Croston WwTW FE 0.05 (.02 0.07 0.12 < (.01 (.12
318 Walton WwTW STO - .04 0,04 (.68 (.68
329 Croston WwTW STO - 002 nn2 - .61 (.61
Total (rivers) 42.4% 36.95 9943 8,69 89,52 98.20
Total (WwTW FE) 0.33 018 .51 012 .39 031
Totul (WwTW 5T0) .06 0.06 - 1.29 1.29
Totul (all sources) 42.81 57.19 100,00 §.81 9119 100,00

Basa Flow High Flow 111 5 p ibutio W 5. e

P ner s RS S < oy LT conditions the contribution from wTWs, including

4.62 x 1078 organisms

4.78 x 107 organisms

5.6% 9% g.4%

65.8% -

(] 101 R.RAibble [ 701 R. Douglas
[ 201 R. Darwen  [[] Rivers Lostock and Yarrow
B Croston & Walton WwTW FE & STOs

Fig. 3. Estimuled base flow and high flow faecal cofiform budgets for the
Ribhle Estuary.

that delivery of faecal indicator organisms increased
considerably in response to rainfall events (Fig. 4). During
base flow conditions, the River Douglas clearly dominated
the inputs, contributing between 75% and 853% and
peaking at over 95% of the delivery. The proportion
altributable to this source decreased during high flow
events, at times to less than 30% of the total delivery.
During the high flow events. the proportional contribution

of the River Ribble represented between 15% and 60% of

the Joad input into the estuary. During base flow
conditions this river generally accounted [or less than
10% of the load. The River Darwen acecounted for about
10%-20% of the load during base flow conditions. this
proportion increasing to between 20% and 30% during
high flow events. although during one event the contribu-
tion from this source exceeded 50%. During high flow

inputs from the STO sources increased to up to 153%. It
should be noted that the high delivery of organisms during
these times means that these proportions can represent a
significant number of organisms.

3.3, Faecal indicator organism bucger for the River Douglas

Of the 1.50 x 10" m” total volume discharged at the tidal
limit ol the River Douglas. 56% was discharged during
base flow conditions (Table 5). The River Douglas
contributed the largest flow volume (43%). 24% ol which
was discharged during base flow conditions. Treated
sewage effluent accounted for 35% of the flow volume.
25% ol which was discharged during base flow conditions
(Table 5). A lurther 2.8% of the flow was attributable to
STOs.

An estimated total of 2.13 x 10" FC were discharged at
the udal limit. 77% ol which was discharged under high
flow conditions (Table 5). The primary source of [laeccal
indicator organisms in the catchment was the combined
outfall of Wigan and Skelmersdale WwTWs, which
accounted for between 98% of the base flow FC load
and 92% of the high low FC budget to the tidal limit
(Fig. 5). Final effluents [rom the Skelmersdale A and
Wigan WwTWs represented the major contributors to both
base flow and high flow budgets. The STO at Wigan
WwTW contributed an additional 24% of the high flow FC
budget, despite accounting for <0.1% of the flow volume
and operating for 69 h of the 1056 h of the study (i.e. 6.53%
of the time). Again, the temporal plots of rainfall. organism
flux and proportional contribution of each source mdicate
that increased faecal indicator orgamism delivery was
related to rainfall with peak loads associated with the
discharge from Wigan WwTW STO (site 302) (Fig. 6).
When the STO at Wigan WwTW was not operating, the
delivery of organisms was dominaled by FE sources with
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hourly load input to the Ribble Estuary tidal limus.

riverine sources contributing less than 20% of the total
during high flow events.

Upstream of the Wigan/Skelmersdale WwTW outlall.
water quality in the River Douglas was much better. with
estimated loads at Martland Bridge (site 702) less than
10% of those at Wanes Blades Bridge. The loads from the
River Tawd were less than 1% of the FC load estimate for
the river at Wanes Blades Bridge.

Since the field data collection for this study was
completed. ultra-violet (UV) disinfection has been
added to the process stream at both Wigan and Skehmers-
dale WwTWs. In the absence of empirical data for
these effluents at the tme of the study, the potential
impact of the UV disinfection on bacterial loads was
estimated by applying a 2log;, reduction to the base flow
and high flow GM concentrations at Wigan and Skelmers-
dale *A” and *B* WwTWoa. This reduction was considered to

" and hourly proportionl contributions (%) to the

be an achievable performance of the UV plant. Such a
reduction in FC concentrations would reduce the estimated
FC budget by 74%. During base Aows, FE [rom Wigan
and Skelmersdale WwTWs would account for 33% of the
FC load of the River Douglas (1.4 x 10" organisms)
(compared to 98% of 4.8 x 10" organisms pre installation
UV treatment) and 0.2% of the Ribble Estuary budget
(12.4% pre-UV). During high flow events. the proportional
load from the FEs would du,rt.dsc from 68% of 1.6 x 10'7
organisms to 2% of 5.5 % 10" organisms. The contribution
to the estuary budgel would decrease from 43% pre-UY Lo
18% following UV treatment. The total delivery of
organisms to the River Douglas would be dominated hy
STO sources, accounting for 72% of the FC budget. Less
than 3% of the total load of FC would be delivered during
base flow conditions. when riverine inpults [rom lhe Rivers
Douglas (site 702) and Tawd (site 703) would dominate.
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Table 5

Percentage contribution of discharge and fuecal coliform inputs to the to the River Douglas upstream of Wunes Blades Bridge (siie 701) between 30/7/02

and 1/9/02

Yo Contribution to discharae budget

Faecal coliform load (%)

Base flow High flow Total low Base How High low Total flow
702 R. Douglas 23.54 19.63 43,19 (1.28 4.87 33
703 R. Tawd 7.01 12,18 19.20 .16 138 1.54
301 Wigan WwTW FE 21.04 T.47 28.50 098 21.66 .64
312 Sk'dale A WwTW FE 2.64 1.38 4.22 10,82 26.87 3770
313 Sk'dale B WwTW FE 1.33 (1,80 213 132 374 5.05
302 Wigan WwTW S5TO — 273 73 18.74 18,74
314 Sk'dale WwTW STO ~ 0.03 0.03 - 0.17 0.17
Total (rivers) 30,55 31.84 62.38 .45 6,25 (.09
Total (WwTW FE) 25.00 985 3485 22:12 127 74.39
Total (WwTW STO) 2.76 2.76 - 18.92 15,92
Total (All Sources) 55,55 44.45 100,00 22.56 7744 100,00
Base Flow High Flow

Faecal coliform budget:
4.80 x 1078 grganisms

2.0%

5.8%

4.8%

Faecal coliform budget:
1.65 x 1017 organisms

0.2% g 194

24.2%

28.0%

34.7%

|:] Rivers Douglas and Tawd
[ 301 Wigan WwTW FE

B 302 Wigan wwTw STO

B 312 skelmersdale A WWTW FE
[[] 313 Skeimersdale B WwTW FE
[[] 314 Skelmersdale WwTW STO

Fig. 5. Esumated base Bow and high flow faecal coliform budgets lor the River Douglas upstream ol the tidal limit,

During high flow events. inputs from Wigan WwTW STO
(site 302) would account for over 70% of the high flow FC
budget. This illustrates the need to consider the coniribu-
tion of intermittent storm overflow discharges during the
design of schemes to reduce faecal inputs [rom sewage
discharges.

3.6. Other subcatchment faecal indicator organism bidgets

Other subcatchment budget estimates were also con-
structed lor contributions to the tidal limit of the River
Darwen, for the confluence of the Rivers Ribble, Calder
and Hedder, and for the River Calder upstream of its
confluence with the River Ribble,

The River Darwen catchment represented the second
largest input of faccal indicator organisms to the Ribble
Estuary. High flow FE and network CSO sources
contributed the majority (96%) of the bacterial load in
approximately equal proportions. The major source of FE
in the catchment, Blackburn WwTW, dominated base flow
budgets whilst. sources upsiream of the Blackburn WwTW
discharge, which included Darwen WwTW, contributed a
similar high flow load to Blackburn WwTW FE,

Of the three main subcatchments in the River Ribble
catchment (Rivers Hodder. Calder and mid/upper Ribhle).
the River Calder was estimated to contribute over hall of
the laecal indicator organism loads. Upstream of the
confluence in the Calder subcatchment. the base flow
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Hourly rainfall (mm) at Common Bank, instantaneous faecal coliform load (organisms =)

and hourly proportional contributions (") to the

hourly load input to the River Douglas upstream of Wanes Blades Bridge (site 701).

bacterial budgets are dominated by Hyndburn WwTW FE.
During high flow conditions, the River Calder itsell
contributes the majority of orgamsms. although this
includes treated and storm inputs from three WwTWs.
Bacterial loads in the Ribble catchment upstream of the
confluence with the River Calder are dominated by non-
sewage related diffuse sources. Estimated loads from the
small WwTWa and network CSOs within the Hodder
catchment show their contributions to be relatively
insignificant when compared to catchment diffuse sources.

4, Discussion: assessing the contribution of catchment
diffuse sources

The various faccal indicator organism budgets described
above provide an indication of the potential sources of
microbial contamination al key points in the catchment.

However, the riverine components comprise all inputs
upstream ol the monitoring point whether they are from
continuous or intermittent point sources or catchment
diffuse sources and this latter element is particularly
difficult to quantify in isolation. Diffuse sources can
include direet defecation from livestock into watercourses.
runofl” of laecal matter [rom grazing areas and/or areas
receiving manure apphcations during periods of rainfall
and contamination f{rem runoflf from farmstead areas.
Clearly, even if it were possible to monitor all such sources,
the size of the Ribble calchment would preclude such a
strategy due to high number of monitoring points required.

Further to elucidate the contribution of catchment
diffuse sources. it is necessary to employ other methods.
Such methods include chemical or mierobial tracer studies
(e.g. Rhodamine. Bacillus globigii) and chemical, biochem-
ical and molecular faecal pollution source tracking
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lechniques (e.g. fluorescent optical whitening  agents
(Hagedorn, 2001: Poiger et al.. 1996), antibiotic resistance
analysis (Wiggzins, 1996) or techniques based on DNA
markers or genotyping (Meays et al.. 2004), However, the
use of chemical or microbial tracers is limited to (ollowing
only a limited number ol mputs at any one time whilst
faccal pollution source tracking techniques are relatively
new, no standard methods have yet been proposed. sample
analysis is olten complicated and requires costly analytical
equipment and many techniques require reference libraries.
The application of these latter methods on a catchment-
wide basis is still uncertain and more comparison studies
are required in order to determine which methods are best
suited o catchment scale studies (Meays et al.. 2004:
Stapleton et al.. 2007).

An alternative approach to empirical studies such as
those outlined above is to use a model-based approach.
Statistical models relating digital land cover data to water
quality have been developed using empirical data from
similar calchment studies which can be applied both to the
specific catchments studied and to calchments where no
data exists using a generic form of the model (Crowther
et al., 2002. 2003). A catchment-specific model (or the
Ribble catchment, developed by Kay et al. (2005a) using
the empirical data from this study, was utilised to estimate
the catchment diffuse element of faecal indicator organism
input. The dominant predictor variable in the models
developed by Kay et al. (2005a), for both base flow and
high flow models for the three faecal indicator organisms
studied. was the proportion of built-up land. This can be
considered an index ol the sewered area and hence, sewage
mputs, an assumption supported by the increase in
geomeltric mean faccal indicator organism concentrations
downstream of the major urban areas and the dominance
of the sewage related inputs associated with each of these
areas.

In order to estimate the agricultural diffuse input
element excluding point-source sewage inputs., GM faecal
indicator concentrations were predicted for a hypothetical
situation assuming a zero proportion of urban area. the
predicted water quality being based on the proportions of
remaining land cover types (e.g. improved pasture) in the
subcatchments. The predicted high flow geometric mean
faecal indicator organism concentrations (when the major-
ity of the organisms are delivered) for the diffuse only
sources al the outlets of the main subcatchments are
presented in Table 6. The predicted high flow geometric
mean concentrations were noticeably lower than observed
at the outlets of catchments particularly impacted by
sewage discharges (e.g. sites 201 (Darwen). 501 (Lostock)
601 (Yarrow) and 701 (Douglas). Indeed. the predicted
high flow FC geometric mean concentration at the tidal
limit of the River Douglas (site 701) (5.8 x 107 cfu
100ml~") was almost three orders of magnitude lower
than the observed concentration (3.6 x 10°cfu 100ml™).
In contrast. subcalchments with few sewage inpuls
displayed predicted geometric mean concentrations similar

Table 6
Maodelled high fow geometric mean faecal coliform concentrations (clu
100mi~") at subeatchment outflows assuming zero sewnge inputs

Subgatchment Faecal coliforms (cfu
100mi~")
101 R. Ribble, Samlesbury 3.78 % 10
102 R. Ribble. Ribchester 365 % 10°
103 R. Ribble, Great Mitton 6.99 % 10"
104 R. Ribble, Sawley 0.83 % 10°
105 R. Ribble. Cow Bridee 303 % 107
106 R. Ribble, Settle Weir 2.25x10*
107 R. Ribhle. Horton-in-R dale 157 % 10*
109 R. Hodder, Lower Hodder Br. 2,05 x 10¢
120 R. Calder. Whalley Weir 200 % 10*
201 R. Darwen. Blue Bridge 794 5 107
301 R. Lostock 4.64 % 10"
601 R. Yarrow, Croston 712 % 10
701 R. Douglas, Wanes Blades Br. 380 % 107

to those observed. For example, the predicted high flow
geometric mean FC concentration for the upper Ribble
catchment at Heorton in Ribblesdale (site 107) was
1.6 x 10%cfu 100 ml~' compared to the observed geometric
mean of 1.7 x 10*¢fu 100ml~".

The geometric mean concentrations lor dilfuse only
sources were then used to calculate the corresponding
organism loads for each of the catchment outlets. These
loads were compared to the loads calculated for FE and
STO sources from WwTWs and overflow contributions
from network CSOs. No WwTW inputs within the River
Hodder catchment were included in the study although
there are some small treatment works and associated CSOs
in this catchment. Similarly, there are some sewage inputs
in the Upper Ribble catchment upstream of Settle WwTW
that were not included. To provide an estimate of loads
from sewage sources within these catchments, it was
necessary to estimate loads from these small WwTWs,
FE loads were estimated using their consented dry weather
flow (DWF) and maximum flow scaled using the high flow
profile for Settle WwTW (selected because it is the smallest
monitored WwTW). STO loads were estimated by applying
the proportion of total flow from the 15 WwTWs
discharged from STOs (6.96%) whilst CSO inputs were
calculated using the propertion of total flow [rom the 15
WwTWs estimated to be discharged from CSOs (28.79%).
[t was fell necessary to include estimates [or these sources
in these catchments due to the potentially low loads from
diffuse sources and to enable a more appropriate compar-
ison with the other subcatchments.

The resultant high flow FC loads from catchment
diffuse. WwTW FE. WwTW STOs and nctwork CSOs
are shown in Fig. 7 whilst Table 7 shows proportional
contributions of each source type Lo the estimated load lor
FC mm each subcatchment. Data for the River Douglas
catchment are presented for both the Summer 2002
situation (1.e. secondary treatment of Wigan and Skelmers-
dale WwTW FEs) and after planned UV disinfection.



CLM. Stapieton er al, [ Joyrnal of Envirommental Management 87 (2008 ) 335-330 547

Fig, 7 clearly illustrates the difference in high low faecal
indicator organism loads from the various subcatchments.
Relatively low loads were derived from the upper Ribble
and Hodder catchments whilst the largest loads were
derived from the highly urbanised catchments of the Rivers
Calder, Darwen and Douglas. The lower Ribble also
contributed a relatively high load. second only to the pre-
UV load from the River Douglas although this includes the
contribution of the Rivers Calder and Hodder as well as
sources along ils oOwn course.

The estimated high flow FC fluxes in the upper Ribble
and Hodder catchments are dominated by diffuse catch-
ment sources, accounting for over 98% of the load.
reflecting the low degree of sewerage infrastructure within
these catchments (Table 7). Catchment diffuse sources also
dominate in the combined Middle and Upper Ribble
catchment (i.e. the catchment of the River Ribble to Great
Mitton), although the presence of Settle WwTW and
associated sewerage infrastructure decreases the propor-
tional contribution of diffuse catchment sources to 68%
whilst the majority of the remaining load 1s associated with
CSO inputs (Table 7). However, these catchments account
lor a small proportion of the total estimated load
contributed to the Ribble Estuary (Upper Ribble and
Hodder catchments <1%: Middle Ribble catchment
< 10%).

WwTW FE contributes the largest proportion of high
flow FC subcatchment loads in the River Douglas (56%)
and River Darwen (43%) catchments (Table 7). which
contain the largest WwTWSs in the study. The improve-
ments implemented to Wigan and Skelmersdale WwTWs
were estimated to decrease the FE contribution in the

Mid-catchment

Douglas catchment to less than 2% (Table 7). Relatively
high proportions of subcatchment loads associated with
WwTW STOs are present in the Yarrow (42%) and post-
improvement Douglas (56%) catchments. In the remaining
subcatchments (i.e. Calder, Lower Ribble and Lostock, as
well as in the Yarrow catchment). CSO inputs account for
the largest proportion of the estimated high flow FC load
(Table 7: Fig. 7).

The Douglas catchment accounts for the greatest
proportion of the estimated load to the Ribble Estuary
(41%) although the improvements to sewage treatment

Table 7
Percentage of high flow faecal colitorm load from each source category

Subcatchment  Catchment Final Storm tank Network
difTuse elfluent overflows CSOs
Upper Ribble  99.54 0.28 0.18 -
Mid Ribble 68.29 349 3,83 24.39
Lower Ribble  22.32 10.92 12.65 5410
Calder 414 14.13 16.46 65.28
Hadder 98.22 0.39 1.39
Darwen 0,39 42.74 1.62 55.05
Douglas® 0.19 33.76 25.04 19.01
Douglas UV (.42 1.72 55.63 42.23
Yarrow .14 2,08 41,83 54.95
Lostock 13,45 0.76 8.55 77.24
Estuary” 6.76 35.60 17.00 40.63
Estuary UV" 8.73 16,80 21.97 32,50

The catchment diffuse element was estimated using predicted geometric
mean faecal coliform concentrations shown in Table 6.

“Estimated loads during field study phase (summer 2002),

"Estimated loads assuming ultra-violet disinfection of FEs from Wigan
und Skelmersdale A and B WwTWs.

Tidal limits Estuary
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Fig. 7. Estimated high flow faceal coliform loads discharged ro the Ribble Estuary and selected subcatchments [rom diffuse catchment sources and sewage

clluents,
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Table 8

Percentage ol high flow faecal coliform load from each subcatchment
contributing to the load input 1o the Ribble Estuary estimated using the
catchment outflow load und modelled estimated load by souree (pre- and
post-LIV treatment at Wigan and Skelmersdale WwTWs)

Catchment Estimated load by source”

outflow load"

sSubatchment

Pre AMPZ® Post AMP3Y

Upper Ribble <0.01 0.61 (.79
Mid Ribble .44 8.12 10149
Lower Ribble 5.42 a7.12 33.04
Calder 10.20 18.96 24.50)
Haodder 3.08 (67 .86
Darwen 18.31 2154 27.83
Douglas 6378 41.11 2391
Yuarrow 255 4.56 5.89
Lostock i.l0 3.34 4,32
Direet to 1.83 233 3.0l

estuary

“Caleulated using measured water quality at the catchment outflow.

"Culculated by adding estimated loads from sewage sourees (FE
TOs +C80s) 1o a modelled catchment load assuming zero built-up area
(Le. an estimate of diffuse calchment sources excluding sewage sources).

“Situation during field study phase — secondary treatment of FE and
Wigan and Skelmersdale A and B WwTWs,

IScenario assuming UV treatment with 2log, reduction of secondary
treated FE bacterial concentrations at Wigan and Skelmersdale A and B
WwTWs,

implemented since the data collection exercise decrease the
contribution of this catchment to 24% of the reduced total
load to the estuary (Table 8). Following these improve-
ments. the Lower Ribble catchment was estimated to
conlribute the largest proportion ol the total load to the
estuary (35%). although this predominantly comprises the
loads Irom Middle Ribble and Calder catchments. Of these
three catchments. the Calder catchment dominates the
post-improvement load prediction accounting for 25% of
the bacterial contribution. The other large contributor to
the estuary loads was the Darwen catchment, accounting
for 28% of the post-improvement FC load (Table 8).

Of the estimated load to the Ribble Estuary (i.e. from the
whole calchment) the largest proportion ol FC was from
CSO sources (41%) followed by FE (36%) (Table 7). This
was estimated to decrease to 7% afler the sewage
treatment improvements in the Douglas catchment. The
smallest contribution was from catchment diffuse sources
(7% pre-improvement. 9% post-improvements). It is clear
[rom Fig. 7 that even after installation of FE disinfection to
the two large WwTWs in the Douglas catchment. the
majority of laccal indicator organisms (74%) were derived
from intermittent sewage sources (i.e. STOs and CSOs).

5. Conclusions

The desk study phase of the Ribble Study (Wither et al.,
2005) illustrated the type ol catchment ‘profiling” that
might be undertaken to implement the requirements of the
WED or health-related standards for bathing waters

recommended by CEC (2006), WHO (1999, 2003). How-
ever. laecal indicator organism data are rarely available
from historical routine monitoring and moderate addi-
tional sampling effort would be required even lo undertake
such a desk exercise.

The desk study also made many assumptions and il
crucial expenditure decisions andjor legally required
environmental compliance hinged on the outcome it would
be sensible to confirm these assumplions via additional
empirical monitoring. For these reasons. a second phuse of
empirical data acquisition from rivers and point sources of
faecal indicators was undertaken in the summer 2002
bathing season. The resultant budgets constructed from the
Phase Il study data displayed results consistent with the
desk study described in Wither et al. (2005). The good
agreement of budgets suggests that the assumptions made
during the desk study were broadly appropriate.

Faecal indicator concentrations in rivers and streams
draining to the Ribble Estuary showed significant eleva-
tions, by an order ol magnitude or more. during hydro-
graph response to rainlall. This pattern was similar to that
observed in previous catchment studies. An analysis of
discharge in the River Ribble [or the same 44-day period as
the study between 1991 and 2002 suggested that environ-
menltal conditions during the study were somewhat atypical
compared to the long term record containing some extreme
events which may have produced higher faecal indicator
concentrations. Again, however, the good agreement of the
results described herein with the earlier studies (Fewtrell
et al., 1998: Wither et al.. 2005) suggests that these extreme
events did not have a disproportionate effect on the budget
estimates,

Faecal indicator organism budgets for inputs to the
Ribble Estuary and within the catchment ol the River
Ribble showed the following broad patterns during the
study period:

@ the flux of organisms (o the estuary was dominated by
sewage related sources discharged during high flow
episodes, accounting lor over 90% of the total organism
load:

® sewage sources are largely related to the urban areas in
the south and east of the catchment with their associated
WwTWs and overflows:

e over half the faecal indicator load was associated with
the relatively small subcatchment of the River Douglas;

o UV treatment of FE discharged to the River Douglas
from Wigan and Skelmersdale WwTWs was estimaled
to considerably reduce the base flow load [rom sewage
sources although during high flows. loads would still be
significant due to the operation of Wigan WwTW STO.

The most surprising finding of this empirical study was
the fact that untreated sewage spills from urban infra-
structure and sewage (reatment works are the dominant
component of the high Aow Hux of faecal indicators to the
Ribble Estuary and receiving waters of the Fylde coast.
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Indeed. the volume of storm sewage discharged during the
study period from the overflow at Wigan WwTW was
greater than the volume of treated sewage discharged by
four of the fifteen WwTWs (i.e. Barnoldswick. Colne,
Croston and Sctile WwTWs), the largest of which has a
population equivalent of over 26,000. It is therefore clear
that future capital investment on sewerage infrastructure
within the Ribble catchment should address the issue of
storm sewuage discharges. which, together with sustamable
reduction in diffuse source pollution, would be needed 1o
effect further improvement in coastal water quality (Kay et
al., 2005b. ¢, 20074, b).

This study of the faecal indicator organism budgets in
the Ribble catchment differs from previous similar studies
(Crowther et al., 2002, 2003; Kay et al. 2005b; Wyer et al.,
1996, 1998) in that the Ribble catchment contains a much
grealer proportion of urbanised land. consequently con-
taining a larger number of WwTWs and storm sewage
overflows. This may. in part explain the dominance of the
sewage-related inputs within this particular catchment. The
other studies noted above were undertaken in predomi-
nantly rural arcas with a low proportion of built-up land
cover, and diffuse catchment sources of faecal indicator
organisms were dominant. Nevertheless. this study does
highlight the necessity of including intermittent storm
sewage overflow inputs when deriving catchment [aecal
indicator organism budgets.
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\bstract

Summer sampling of storm runoff generated from arcas of roofs and hardstanding situated on four dairy/beel farms has provided
wovel information regarding its microbiological and chemical quality. All furm hardstandings generated runofl that was contaminated
vith respect to those pollutants (faccal coliforms, FC. and laecal streptococci, FS. major nutrients. organic carbon) that are ubiquitously
ssociated with faccal matter and urine. The separate analysis of rool runoff indicated that these can contribute significant
oncentrations of FS. phosphorus (P) and potentially toxic clements such as zine (Zn). and suggests a level of “background’
ontamination originating from wash-off of bird droppings and in the case of Zn galvanised surfaces. On average hardstanding runoff
howed enhanced concentrations of >4 orders of magnitude for FC and 2-3 for major nutrients and carbon relative to roof runoff.
rganic forms of nitrogen (N) and P contributed significantly (averaging >40%) to the total dissolved fraction in both roof and
jardstanding runoff. Part of the substantial variability in composition of runofT samples could be attributed to differences between farms
s well as the timing of sample collection during individual storms. Where situations allowed, a comparison of water upstream and
lownstream of the farmyard demonstrated they acted as a source of multiple contaminants not only during hydrologically active storm
vents but also during dry periods. Contamination pathways included a combination of both point (e.g.. septic overflows) and non-point
e.g.. seepage from livestock housing) sources. Farmyards situated within intensive livestock farming arcas such as SW Scotland, would
% expected to have significant local and accumulated downstream impacts on the aquatic environment. Localised impacts would be
sarticularly important for headwaters and low order streams.

21 2007 Published by Elsevier Ltd.

Cevwords: Farmyurds: Hardstanding runoff: Roof runoffi Livestock: Nitrogen: Phosphorus; Potassium: Zine; Faecal indicator organisms

length of housed period), structural design (¢.g., routing of
drains), geographical location (e.g., proximity lo stream
network) and environmental/climatic conditions (e.g..
storm frequency). Although a general awareness exists

[. Introduction

Farmyards, which include farm buildings. adjacent
ivestock collecting areas, access tracks and overflows from

fomestic wastewater systems represent a combined envir-
ynmental risk as a source for various environmental
sontaminants. The conditions under which these individual
arm components collectively referred to here as the
farmyard’ represent actual contaminant sources will
jepend upon a range of farm management factors (e.g..
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Fomail addvess: tedwards3 St htimternet.com (A.C. Edwards).
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regarding farmyards as potential contributors of contami-
nants, especially pesticides (Neumann et al.. 2002) and
gascous emissions (Misselbrook et al., 2001), to surface and
groundwater. few actual measurements of runoff’ composi-
tion or fluxes exist. Actual losses [rom Farmyards tend not
to be quantified independently and are therefore included
within the more general measurement of ‘catchment’ losses,
Recently, using an artificial rainfall generator Hively et al.
(2005) demonstrated the potential for cow paths and
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barmyards to generate runoff with very high concentrations
of dissolved P (11.6mg!~"). In an Irish wetland study.
Dunne et al. (2003) analysed soluble P concentrations
between 15 and 20mgl ' in runoff from a dairy farmyard.
[t is reasonable to assume some fraction of riverine
contaminant load will be derived directly from farmyards.

The range of contaminants that are most likely to
originate [rom farmyards. where faecal matter is either
stored or freshly deposited. is wide and inclusive of
microbial/pathogenic organisms. major nutrients, polen-
tially toxic substances (e.g.. pesticides) and metabolic
substrates (e.g.. labile organic carbon) that contribute to
biological oxygen demand. Individual farms may vary
widely with respect to the range and concentrations of
contaminants they generate as a consequence of the nature
of the enterprise and contaminant transport pathways,
such as proximity to the nearest watercourse. The presence
ol faecal material. whether stored or freshly deposited.
represents a ready source ol microbiological, nutrients and
labile organic matter.

The transport and delivery of contaminants to the
drainage network can be the result of episodic. hydro-
logically active storm events or some semi-continuous
seepage perhaps from housed livestock or domestic seplic
overflows. An observational study by Aitken et al. (2001)
of farms within a livestock (cattle) dominaled area.
suggested that domestic foul drainage and rainwater
drainage systems were often poorly maintained, incorrectly
stalled and inappropriately used. The potential signifi-
cance that contaminated effluent from farmyard may have
upon local stream composition together with detrimental
clfects on aquatic macroinvertebrates has been demon-
strated (Hooda et al., 2000).

The aim of this research was to sample various sources of
flow generated from areas of livestock farms during
summer storm evenls and assess their potential for
delivering contaminated runofT to adjacent surface waters.
This involved assessing the microbiological and chemical
composition of roof and hardstanding runoff from four
livestock farms sampled over a one month summer period.

2. Materials and methods

Four livestock (dairy and/or beel) enterprises situated in
the River Irvine catchment area. Ayrshire SW Scotland
were instrumented and intensively sampled over a one
month summer period. Three farms had livestock using the
hardstanding area throughout the four week sampling
period from June 17th to July 13th 2002. The principle
focus of this investigation was directed towards micro-
biological aspects of water quality due to the recent bathing
beach non-compliance. The various potential sources of
contamination within this general geographic area have
been extensively studied (Wyer et al.. 1997, 1998). The
opportunity was taken to perform a chemical analysis of a
sub-set of these samples,

2.1. Physical location and transport artributes

The four farms differed in their physical layout and
proximity to an adjacent watercourse. Three farms (Farms
I, 2 and 4) had an obvious drainage ditch linking farmyard
hardstanding drainage with a receiving tributary stream.
The final farm (3) hardstanding was located in such a way
that runoff formed a discrete overland flowpath which
entered a first order ephemeral stream. In this case, an
upstream and downstream comparison of the hardstanding
was not possible and the contaminant flux at the stream
monitoring point represented the loading derived from the
hardstanding area.

2.2 Instrumentation

A data logging tipping bucket rain gauge (US sourced
Onset™ tipping bucket gauges recorded each 0.01 inch of
rainfall) was positioned adjacent to the hardstanding of
ecach farm. Stream and/or drain discharge measurements
were completed at each farm to obtain contaminant flux
data. The measurement locations were tailored to the
hydrology and morphometry of each site, three siles
allowed discharge measurement locations in streams below
the site, the fourth farm discharge via a field drain. For the
larger stream monitoring site at Farm 2, which had a
clearly defined catchment of 4.9 km~, the calculated stage
discharge relationship was further checked using a rainfall
runoff model (Littlewood and Jakeman, 1993).

2.3. Sample collection and analysis

The nature of the study necessitated opportunistic
sampling of Hows from the roofs, hardstandings and
streams lollowing rainfall events to supplement dry weath-
er data acquisition. Duplicate samples were collected in
sterile plastic containers (sterile pipettes were used to
acquire shallow hardstanding drainage). and transported
to the laboratory in a dark cold box. One set ol samples
were used for microbiological analysis while the second
duplicate set of samples were stored [rozen prior to their
chemical analysis at the Macaulay Institute. Aberdeen, On
each sampling occasion a series of five samples were
collected over a Smin period, analysed. and used (o
provide a single averaged value. All microbiological
analyses were made on site using a mobile field laboratory
where samples were immediately transferred to a dark
refrigerator <4°C and containers were in contact with
melting ice to effect rapid temperature reduction. To avoid
‘greater than® and “less than™ results, three serial dilutions
were initially employed for all sites. Where appropriate,
this was adjusted to two dilutions as the laboratory staffs
were better able to predict the concentrations expected
from each site. Total coliform (TC). presumptive faeeal
coliform (FC). and presumptive faccal streptococci (FS)
were enumerated by membrane filtration using standard
UK methods (Environment Agency, 2002).
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After thawing of the sccond set of samples. total nitrogen
Total-N) and total phosphorus (Total-P) were determined
olorimetrically after UV oxidation (Williams et al., 1995).
v sub-sample was also filtered (pore size 0.45pm) and
nalysed for total dissolved nitrogen (TDN). ammonium
NHy-N). nitrate (NO5-N), dissolved organic nitrogen
DON) was calculated by difference DON = TDN (NHy-
4+ NO3-N), total dissolved phosphorus (TDP), molyb-
late reactive phosphorus (MRP) dissolved organic phos-
ihorus  (DOP)  was  caleulated by difference
dYOP = TDP-MRP, dissolved organic carbon (DOC)
yas determined using a Perkin-Elmer CHN analyzer and

range of other elements by inductively coupled plasma
tomic emission spectrometry that included potassium (K),
inc (Zn). silica (Si), calcium (Ca). sodium (Na), sulphur
S), copper (Cu) and iron (Fe).

4. Physical and management attributes of each farm

There were significant operational and physical differ-
nces between the farms (Table 1) which provided a range
f opportunities for sample collection. Only at Farm 4 were
attle not actually present (they had been removed just
yrior to sampling) in the farmyard during the sampling
seriod. this location was therefore considered to provide
ome indication of residual effects of stored/aged faeces/
irine. Farms differed with respect to the extent and type of
onnectivity that existed between the farmyard and the
iearest open drainage channel.

For Farm | this consisted of a small open ditch running
dong the farm access road (used daily for collecting dairy
attle) culverted through the farm which receives farmyard
Irain discharge [rom dairy washings and storm runoff. The
annectivity was lested using a microbial tracer (Serratia
arcescens bacteriophage) which demonstrated a direct
:onneetion between the sump receiving dramage from the
arm  hardstanding and the stream monitoring point.
[racer was evident in the stream 15 min after release into
he sump. The travel distance was approximately 80 m.
vhich indicates rapid Now through a constructed piping
ystem. This dilch also probably receives seepage from the
lomestic septic system.

For Farm 2. runoff from the farmvard was evident
luring storms and this ran downhilHrom the farmyard to
he adjacent stream along a hardcore access track.
Additional runoff routes could have contributed, but none
vere observed even during high flow events. Farm 3

able |

Sroad companison belween farms

Farm | Farm 2 Farm 3 Farm 4

Avestock present in farmyard Yes Yes Yes No
diveel drain conneclivity to strenm Yes Possible Possible Yes

2ther direct connectivity to stream Possible Yes Y Paossihle

provided a good example of where runofl [tom the
farmyard represents the main contribution to a first order
stream. Runoff passes through a heavily faecal contami-
nated gate/collection area prior to flowing over grassland
into a small ephemeral channel. At Farm 4, periodic
discharge via a buried plastic field drainage pipe originat-
ing from the vacated farmyard emptied directly into an
open field ditch. At each farm. any yard drainage was
supplemented by rool” runoff which initially discharged
onto the hardstanding or joined with hardstanding
drainage via a sump and pipework system.

2.5. Data presentation and statistical analysis

Five separatle samples were collected [rom each location
over a Smin period, analysed separalely and then an
average of these five concentrations was used in subsequent
statistical analysis. Data were analysed as a separate group
on the basis ol farm or time of sample collection during
individual storm events. Where necessary. correlations
were performed after log translormation.

3. Results

The total amount of rainfall during the study period
varied between 75 and 126 mm (average 107mm) for
the individual farms which, when compared to data for the
nearest meteorological station (Auchincruive) over the
same period in previous years. indicates that this four
week period in 2002 was certainly wetter than average
(58 mm for the period 1990-1999). Samples of hardstand-
ing runoff were broadly classilied as being collected under
one of five rainfall conditions (dry, drizzle, rising, peak and
falling).

3.1, Composition of roof runoff

The averaged composition of all reof runoff saumples and
separated on the basis of farm are shown in Table 2.
Concentrations were variable (large SE) bul a significant
number of samples were highly contaminated. The break-
down by individual farm suggests some definite ‘local’
influences acting to modify rool runofl composition.
Concentrations of FS were greater than FC in all samples,
being particularly noticeable at Farm 2. Runoff from Farm
4 had particularly high TDP, DOC and K concentrat-
ions, while Zn was an order of magnitude greater at
both Farms 2 and 4. The relative contribution of individual
N species made to TDN was essentially similar while
the greatest majority (~70%) of TDP was present as
DOP.

3.2, Composition of hardstanding runoff
Hardstanding runoff was extremely variable in its

composition, concentrations of FC. FS. total N and P
ranged over at least 4 orders of magnitude and the
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Table 2

Mean coneentration of rool runoff samples (FC and FS cfu 100ml~" and all chemical solutes me ™) with standard error {pooled across all farms) shown

in brackets

FC kS TDN TDp DOC K Vail
All samples 1974 (1209) 12683 (4177) 2.52(1.23) (1,295 (0.243) 16.6.(9.00) 186 (16.1) 0218 (0.065)
Farm | 1683 8673 0.503 0.061 7.47 3.538 0,028
Farm 2 712 26826 1487 0.028 .04 1;55 0.346
Farm 3 3083 12303 2.51 0.01% 10.7 638 000658
Furm 4 27 837 4.57 (913 6.6 4.5 0.252
Total number of samples was 10, Dilferences between individual farms are shown, -
’_ FC s
-8

Frequency

Tatal-P

Concentration

Fig. 1. Histograms showing the range of FC, FS. total N and P concentrations (cfu 100 m

(all expressed over a log scale).

population was highly skewed (Fig. 1). A number of
samples showed especially high levels of contamination
(highest >8000 and 2000mgl ' of total N and P.
respectively). Despite the wide range of concentrations. a
highly significant relationship existed between individual
components, total N and P (p<0.001), TC and FC
(p<0.001) and a slightly less between FC and FS
(7<0.05). The averaged total-N:total-P ratio was 12 and
ranged between 2 and 60. Organic forms of both N and P
(~60%) dominated the majority of samples.

Soluble forms of N and P represented approximately
80% of the total N and P present in unfiltered samples and
demonstrated a wide variation in composition. Maximum
TDN and TDP concentrations were 637 and 19.5mg!™’
and 4 strong positive (p<0.001) relationship existed
between cach parameter (Fig. 2). The composition of
TDN varied between samples but reduced forms of N
(NHy and DON) dominated (Table 3). While NO; was

"and mg N or P17') in samples collected from hardstanding

100.000
10.000
1.000 1
o
(=]
-
0.100
y =0,2536x% 7119
R? = 0,5959
0.010 -— _O
0.001 L | T T
0.1 1.0 10,0 100.0 1000.0
TON

Fig. 2. Relationship hetween concentrations (mg1™') of TDN and TDP in
samples collected from hardstandings,
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wesent in most samples, it generally represented < 15% of
he TDN. An mverse relationship (p<0.01) between NO;
nd DON suggests that these originate [rom different
ources. The domimnant form of TDP was DRP. Concen-
rations ol DOC and K could also be significant. and both
vere strongly (p-<0.001) and positively correlated with all
v oand P species, except NO;. There were no significant
orrelations between any chennical forms of N and P with
neasured microbiological parameters. Hardstanding run-
M1 also contdgined a variable cocktail of other elements.
ometimes at high concentrations but showed a wide
ariation in composition (Fig. 3). Concentrations of Zn
vere variable and noticeably high in certain samples with
ight samples out of 22 being greater than 0.1 mgl~ ' with a
naximum of over 0.4mgl ",

‘able 3
oneentrations (mgl 'y of wial and soluble major nuirient and dissolved
ranic carbon of hardstanding ronoff from all farms

o
o
n

2 05 |

3.3 Variation in composition of harvdstanding rinof}
hetween farms and flow conditions

Part of the variability within the dala set can be
explained once data were grouped on the basis ol
individual larms (Table 4). The relative contributions ol
individual contaminants varied between the farms. For
example, while runoff’ generated from Farm 1 was
characterised by higher FC. TDN. TDP. DOC and
K. concentrations ol FS were an order of magnitude
greater from Farm 2. Zinc was especially high in runoll
from Farm 4.

Some of the remaining variability within the data set was
also explained once results were expressed on the basis of
the timing of sample collection during individual storm
events (Fig. 4). Here the general trend appeared to dilfer
between the determinants. A rapid decline in TDN (NH,
and DON) occurred after the onset ol a storm event,
followed by a recovery as flow declined towuards the end of
a storm. Although reliable measurements of flow from
these hardstanding is dilficult and were not made, a broad

fariable  No. Mean SE Mean  Minimum Median Maximum
TN 23 11 394 0451 12.3 637
JHy N 22 T4 (48) 293 0023 372 52 “Table 4
WiEl o Li241CH) U Pt WD L4 \{ HLln vilues Tor various parameters (FC and FS cfu 100ml~ ", and
Mediun values lor vartons parameters (FC ¢ 8 ¢ [ <
YON 20 369 (4%) 153 0431 434 48 i T N S !
solutes us mel™ 'y in runoft from hardstanding for individoal farms
Dr 22 493 1.07 0008 2.81 19,50 = — ) : - ) Nl
IRP A 39(68) 10Y 0.005 |81 [9.46 Stte FC s DN TDP DOC K Zn
yop 24 1.40 (39) 0,542 0003 .524 194 ~
Furm | JU4R033 Y6642 472 6,76 671 TR O]
O 22 3iz2 16 1.3 121 1894 Farm 2 1100079 (13060 |18 278 128 121 0072
. 22 Aol 1oy 0,048 1 4% 1926 Fann 3 122129 45083 26.0 23] 824 114 (hbde
Farm4 77362 3028 815 298 119 199 0,127
he average proportion ol euch N and P lorms is shown in brackets.
330 0.3
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g, 5 Boxplots of clemental composition of hardstanding runoff (sample number. No. = 22) where the hox represents roughly the middle 0%,
mterguartile range) of the data, and lines (whiskers) indicate the general extent of the data. The horizontal line inside the bos represents the median and
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inverse relationship between flow and concentration for
TDN (NH,; and DON), TDP., DOC and K could be
inferred using the timing of when samples were collected
during the storm events. Nitrate. although present al
low concentrations. tended (o show an epposite trend
with higher concentrations occurring in samples collected
during peak storm conditions, while microbio-
logical parameters (e.g.. FC. FS Fig. 4a) showed no clear
pnllcrn.

34 Relative significance of roofs and hardstanding runoff as
sources of contamination

Table 5 summarises the extent to which the composition
of roof runoff is modified 4§ it comes in contact with

hardstanding areus. All determinants. except Zn and
possibly NOs;. showed a relative increase in concentration
between roof and hard-stunding runoff. although (he
magnitude of any increase varied widely. The greatest
relative change occurred for FC (>3 orders of magnitude)
and total N and P (=2 orders of magnitude). TDN, TDP,
FS and DOC (> | order ol magmiude). An indieation of
the overall impact that various lorms of farm runoll can
have on adjacent streams is alse presented in Table S, Here
the average ratio of concentrations (ot samples taken
simultaneously downstream and upstream of Farms 1 and
2 are compared for “dry’ and “wet” conditions. Although
not ideal. some conlidence in this approach is provided by
the very close agreement shown for Si (~ratio of 1) which 1s
due to 1t having a primarily geochemical origin, Most ol
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Table 3

Ratio of chanse in coneentrations between tunolf from hardstanding
compared to roofs averaged for all data and the ratio of averaged
downstreain W upsteeam concentrations for Farms 1 and 2 sumpled under
dry or wet conditions

Variable Hardstanding! Fuarm | Farm 2
toul
Dry Wet Dry Wet

Flow (s~ 7.48 243 485 529
< bt = 12.3 5.21 2.10
FC 1677 3.64 4.21 310
I's 235 — 2.20 3:32 (.78
Total N 131 2.77 3.70 1,94 .00
Total-P 171 4.48 5.46 310 0.76
TDN 40.1 617 1.90 192 1.00
NH,-N 44.0 #8.2 882 337 113
NOy N 2,440 .03 3.02 1.38 .94
DON 753 2001 .26 1.70 1.02
TDP 16.0 214 1.75 5.10 1.31
POP 192 403 339 .30 141
DoP 5.30 13.1 0.18 4.40 118
DOC 21.2 1,92 | 44 .26 1.03
K 19.4 164 0.4 374 l.16
7n 0.30 13.3 723 4.31 1.94
Si 108 108 105 1.13

Averages calenlated from a minimum of three individual samples and "~
indicutes insufficient data.

the potential contaminants demonstrate an increase below
cach farm, which is especially noticeable for NH,;, DON
and TDP under dry conditions. All microbiological
parameters (except FS wet flow, Farm 2) showed a ratio
=1 during both dry and wet flows. Total N and P
suggested mereases of between 2 and 3 times under both
dry and wet conditions at Farm L, but only dry conditions
at Farm 2. The extremely high ‘wet’ flows at Farm 2 mean
that despite showing only relatively modest increased ratios
(few values >1.5). these actually represent considerable
increase in loads.

The geographical layout at Farm 3 being located at the
head of an ephemeral. first order stream, makes it possible to
estimate actual loadings arising [rom the farmyard
area (Table 6). Here small flows under dry conditions prior
(o a storm event showed particularly high concentrations of
TDN and K. Subsequently samples were collected under
increased flow (rising and peak) conditions where concentra-
tions of TDN and K declined while FC. FS
and TDP increased. The composition of TDN and TDP
present in stream flow dominated by NH, and DOP under
dry conditions while the relative contribution made by NOy
and PO, increased considerably under wet conditions.

4, Discussion

The analysis of runofl generated [rom roof and hard-
slanding demonstrated variable but often high concentra-

Table 6

Change in concentrations of FC (cfu 100ml™) and nutrients (mgl ly
through a single storm on the 30/6/02 for roof, hardstanding and epen
channel flow at farm 3

Pre-storm Rising Peul
Flow (1s™') 0.018 0.157 0.741
Roaf rumoff
FC 9129 1037
FS 16561 8224
TDN 4.39 0,64
TDP 0.03] 0.005
K 1229 0.40
Si 2.01 1.02
Huardstanding runoff’
FC 106001 122 139
FS 11556 29600
TDN 3.24 §.28
TDP 0.229 0.675
K 10.39 48.37
Si 2.04 1.36
Stream
FC 98 355 2401785 478322
FS 6979 31993 42357
TDN 3456 (84. 2.00 10.09 (32, 53) T.O0 (43, 44)
TDP 0.128 (25) 0413 (57) 0,806 (70)
K 83.89 25,35 37.55
S 6.39 5.33 376

The percent NH,~N and NO+N and PO,P for the stream samples are
shown in brackets.

tions of multiple groups ol contaminants. It is difficult to
predict how results collected lor this summer sampling
period is directly transferable to other seasons, however,
data collected by Hooda et al. (2000) suggest continuous
local impacts. Livestock numbers within the farmyard are
likely to vary especially where cattle are housed over
winter. A more regular number of livestock may be
expected on dairy farms, where twice daily movement to
and from milking parlours/collecting/feeding areas pro-
vides a high risk. Other periods such as clearing out of
housed cattle bedding or slurry stores representative of
other operations during which hardstanding can become
contaminated with faeces.

The data in Table 6 demonstrate that while rool runoff
appears to show declining concentrations of contaminants
as the storm progresses, hardstanding runoff remains
highly contaminated. This suggests thal the stores of
contaminated roolf material (e.g., bird droppings) are
limited and become easily exhausted during individuoal
storms and require some ‘recovery” period between cvents,
A similar situation does not seem (o arise for runoff
generated from hardstanding as early and late storm runoft
is equally contaminated. The above average precipitation
volume during the sampling period compared with the
previous 10 vear average. suggests that even during wet
periods farmyard hardstanding continues to represent a
significant potential source of a wide range ol chemical and
microbiological contaminants. There was also sufficient



residual faccal material even at Farm 4, where livestock
were notl present during the sampling period. to produce
contaminated runoff.

[nformation deseribing the qualitv of roof runoff is
uncommon; here we demonstrate that this may well
represent a significant source of contamination. There are
various possible sources for these contaminants which
include bird droppings, atmospheric dry deposition which
deposit and accumulale onto roof surface. Significant
concentrations of FS, TDP and K probably reflect this
situation. Part of the N may well originate from gaseous
sources, such as ammonia volatilised from local urine/
faecal sources. Roof runoff concentrations declined with
time during an individual storm event (Table 6) which
might be considered as a ‘source limited™ situation and
washout ol contaminants. One further roof source is
demonstrated by concentrations of Zn which is high at two
farms and presumably originates from galvanised surfaces.
Storm frequency as well as availability of grain as bird food

are attributes that might be expected to influence runofT

composition. Conditions that enhance corrosion of galva-
nised surfaces might have resulted from the acidity
generated locally through emissions of NHjy (derived from
livestock wastes) and the eventual dry or wet depaosition as
(NH4)-80, where SO, produces H-S0O,. and 2NH,
oxidation (nitrification) produces 4H. Other studies that
calculated elemental balances have also demonstrated that
[armyards appear 1o represenl a significant source of Zn
(Bengtsson et al., 2003).

The route of roof runoff varied between farms, while
some guttering/down pipes were missing or broken other
down pipes emptied directly onto hardstanding. At each
location, direct hardstanding runoff was supplemented. to
varying exlents, by contaminated roof flow. Possible
sources of contaminants, include fresh and stored livestock
faeces/urine (slurry and FYM), dairy/yard/machinery
washings and domestic waste i connected to household
septic systems. Rool runoff generally had smaller FC
concentrations than harstanding flows. which had been in
contact with livestock laeces but it did exhibit higher FS
concentrations than some of the streams receiving this
combination of input sources. Areas of hardstanding that
usually Torm inlegral components of many farmyvards
possess certain attributes that are likely to make them
potential sources of contaminants. A comparison ol the
average ratio of hardstanding to rool runoff concentrations
demonstrates the relative significance of individual sources
for the various contaminants. Those contaminants maost
attributable to facces and urine as a source include TC, FC,
total and dissolved N and P, DOC and K demonstrate
large shifts in concentration. In contrast FS, and NO; show
a smaller relative increase and Zn concentrations are even
diluted.

The chemueal forms of N and P is an important property
when assessing possible environmental significance. A large
proportion of the N and P in roof runofl was present as
dissolved forms (65% and 20%. respectively). The pre-
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dominant [raction (70%) of the TDN in roof runoff was
present as imorganic forms, while <25% of TDP was DRP.
The proportions of NOs-N and NH-N were similar in roof
runoff, however, hardstanding runofl was dominated
(60%) by DON and DOP in TN and P. DRP dominates
TDP, NHs-N and DON dominated TDN (~90%). An
indication of the bioavailability or lability of the organic
forms is the DOC:DON ratio. which was 50 lor roof runoll
compared to 26 for hardstanding runolf.

The data clearly demonstrate that farmyards represent a
long-term source for a-wide range of contaminants and
measurable biological impacts have been detected (Hooda
et al., 2000). The greatest opportunity for actual transfer of
contaminants would be during high flows where there is the
possibility lor source limitation. Seepage (for example from
slurry stores or sheds) during dry periods or light drizzle
has the capacity to move contaminants which may collect
somewhere along the transport route. The most obvious
periods of transport and delivery of contaminants to
adjacent drainage ditches occurs during individual storm
events. While there is some evidence from the data that a
reduction in concentrations occur under peak flows this
may reflect some source limitation or simply reflect dilution
of grossly contaminated flows by relatively less contami-
nated runoff from ‘clean’ areas. A second. less obvious bul
equally important phase of transport may occur during
either dry or light drizzle periods. Despite the smaller
flows any runeff that occurs under these conditions
may result in production of elfluent with relatively
high concentrations, possibly cven direct scepage from
housing areas. The low permeability of these areas means
they can become hydrologically active during very light
storm events when other more permeable surface show a
limited response (Hively et al., 2005). Of more signilic-
ance might be the partial transport off-site resulting in
the supplementation of ‘receiving’ areas, including gate-
ways. These areas become source areas during hydrologi-
cally active periods. supplementing early runoff Auxes. Tt ig
also possible. depending upon the contaminant involved,
that these collecting arcas see various transformations.
which may involve. microbiological die-oft and transfor-
mation of nutrient chemical forms (e.g., nitrification
or denitrification). The behaviour of individual contami-
nants within the environment differs which introduces a
degree of selectivity in terms of transport and environ-
mental impact.

Farmyards can contribute significantly to catchment
nutrient and faecal indicator orgamsms (FIO) outputs
when they have

(1) a ready and renewable source of faccal material andfor
agrochemicals is present,

(2) a direct hydrological connection with open water
channels exists, and

(3) a sufficient proportion of livestock farms are present in
the catchment.
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3. Conclusions

Runoll generated by summer storms [tom arcas of [arm
hardstanding exposed to livestock is variable in composi-
non but could have potentially high concentrations of
microbiological agents. major outrients and metals (e.g..
Zn). Where hardstanding runoft reaches and makes a
sipnificant contribution to surface waters 1t has the
potential to impact water quality, especially n local
headwaier streams. The composition ol runoll varied
between mdividual farms and also with time during
individual storm events. Reduced [orms of N (NH, and
DON) and DRP dominated runoff samples and these
together with DOC and FIO were all well correlated with
each other indicating a common source. Separate analysis
of roof runoff demonstrated this could represent a
significant source of FS and Zn. and where this runoff
complements and mixes with direct hardstanding runoff it
becomes exposed (o [urther contamination by livestock
faeces and urine. The simple division of samples based
upon time of collection during individual storms suggests u
source controlled limitation coupled with some form ol
‘dilution’ lactor caused by rool runoll. Frequent renewal of
[aeces and urine materials where hvestock are present mean
that sources can be replaced out with storms. The repeated
production of contaminated hardstanding runoff during
conseculive storm events suggested that farmyards repre-
sent a substantial long-term source of potential contami-
nunts, All farmyards showed a patential for a dynamic and
rapid linkage with adjacent surface walters. even during
relatively light rainfall events.
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Abstract

Development continues at a rapid pace throughout the country. Runoff from the impervious surfaces in these watersheds continues to
be a major cause of degradation to [reshwater bodies and estuaries. Low impact development techniques have been recommended to
reduce these impacts. In this study. stormwater runoff and pollutant concentrations were measured as development progressed in both a
traditional development, and a development that used low impact development techniques. Increases in total impervious area in each
watershed were also measured. Regression relationships were developed between total impervious area and stormwater runoff/pollutant
export. Significant. logarithmic increases in stormwater runoff and nitrogen and phosphorus export were found as development occurred
in the traditional subdivision. The increases in stormwater runoff and pollutant export were more than two orders of magnitude. TN and
TP export after development was 10 and 1kgha ' yr~', respectively, which was consistent with export from other urban/developed
areas. In contrast. stormwater runoff and pollutant export from the low impact subdivision remained unchanged from pre-development
levels. TN and TP export from the low impact subdivision were consistent with export values {rom forested watersheds. The results of
this study indicate that the use of low impact development technigues on a watershed scale can greatly reduce the impacts of development
on local waterways,

(2007 Elsevier Ltd. All rights reserved.

Keywards: Stormwater runoff; Impervious: Export: Low impact development; Nonpoint pollution

numerous studies have documented decreased water
quality in urban runofl (Makepeace et al., 1995).
Imperviousness has been recommended as an indicator

for stream health (Arnold and Gibbons, 1996). A variety of

1. Introduction

Runoff from developed areas continues to be a leading
cause of impairments in the nation’s waterways (US EPA,

2002). Development continues at a rapid pace throughout
the country, with some eities increasing in size by up to
50% in the past 30 vears (US EPA. 2001). Several research
studies have documented increases in runoll volume
(Jennings and Jarnagin, 2002; Waananen, 1969) and peak
flow rates (Leopold, 1968) as areas were transformed [rom
undeveloped to urban. Other studies involving computer
modeling of [uture increases in impervious areas have also
predicted increased runoff volumes (Hollis, 1977; James,
1965, Pawlow and Nathan, 1977: Sloto, 1988). In addition.
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0301-4797/8 - see fronl matter «© 2007 Elsevier Ltd. All rights reserved.
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impacts have been associated with increased impervious
cover, including decreased fish species richness and
abundance (Wang et al, 2001), channel morphology
changes (Booth et al., 2002). decreased benthic organism
richness (Roy et al., 2003) and abundance (Klein, 1979),
decreased base flow in streams (Ferguson and Suckling,
1990: Wang et al.. 2001), and decreased water quality
(Carle et al, 2005: Roy et al., 2003). More complex
predictors of stream impacts such as the multimetric urban
index composed of numcrous infrastruclure. socioeco-
nomic. and land cover variables have been proposed
(Coles et al., 2004). However, total percent impervious
area was found to correlate highly (R® = 0.96) with the
urban index (Coles et al., 2004). This suggests that percent



M.E. Dictz, J.C. Clausen | Journal of Envirommental Managenent 87 (20081 560566 a6l

impervious area is valid as a predictor ol stream impacts,
and it 15 a simpler indicator to use.

A degradation threshold value at about 10% imper-
viousness has been cited by several authors (Booth and
Reinelt, 1993; Klein, 1979: Schueler, 1994, 2003; Wang et
al.. 2001). Watersheds with low levels of imperviousness
may have a broad range of responses due to complex
watershed interactions. but highly developed watersheds
have uniformly poor conditions (Booth et al.. 2004; Wang
et al., 2001). Interpretation of threshold values in the
literature should be done carefully due to the use of
different measurement methods (Brabec et al., 2002).
However. a definite relationship appears to exist between
impervious arca and multiple measures of stream health.

Recent advances in stormwater management, including
low impact development (LID) techniques (Prince George’s
County. 1999), have provided engineers with a variety of
tools to use in place of traditional catch basins and detention
ponds. The overall goal of LID is to mimic the pre-
development hydrology of an area, including the runolf
volumes that existed before development. Current storm-
water design in most municipalities mitigates peak flow
rates, but does not address the increases in stormwater
volume associated with development. Cluster designs.
grassed swales. rain gardens. and pervious pavements all
contribute to a reduced overall impervious footprint. and
encourage decentralized treatment and infiltration of storm-
water runoff. Research on individual LID practices shows
that pollutant attenuation, reduced flow volumes. and
reduced peak flow rates can occur (Davis et al., 2001; Dietz
and Clausen, 2005, 2006: US EPA, 2000). However, there is
a lack of peer-reviewed studies demonstrating the effective-
ness of the use of LID on a watershed scale.

Although some studies have documented increases in
runoff volume as an area was developed. much of the recent
research relates to the comparison of different watersheds
with varying land uses. Although the information provided
by such studies is valuable, it is more difficult to establish
causality when data from different watersheds are analyzed at
a discreet point in time. Other confounding [lactors such as
different monitoring methods, watershed characteristics, and
weather variations can make comparisons difficult. Computer
modeling studies can also provide insight into potential
impacts to water resources, but simplifying assumptions are
often made to calibrate models, which can make it difficult to
determine the significance of the results. The objective ol this
study was to compare stormwater runoff volume and
pollutant export from adjacent traditional and LID subdivi-
sions, as development occurred, and as impervious surfaces
were added in each of the watersheds.

3. Methods
2.1, Study area

The project was located in the town of Waterford, CT, in
a drainage basin contributing to a small estuary called

Jordan Cove. which discharges into the Long Island
Sound. The “traditional™ site was a 2.0ha subdivision
containing 17 lots (Fig. [). which was buill using
current regulations and construction practices. Traditional
zoning was used, as was a curb and gutter stormwater
collection system. A (ypical 8.5-m asphalt road was
installed. Landscaping and turf are similar to other new
subdivisions. Roof runofl was directed to lawn areas
or onto driveways. Erosion and sediment controls used
during construction were typical of other construction
sites statewide. Construction in the traditional subdi-
vision began in 1997, and continued through 2003.
Total impervious surface coverage after construction
was 32%.

The 1.7 ha LID subdivision had 12 lots (Fig. 2). Several
pollution prevention measures were incorporated as part of
its design. A main feature was the replacement of a
traditional 8.5m asphalt road and associated curb and
gutter stormwater collection system, with a 6.1m wide
Ecostone™ paver road and grassed swales. A bioretention
cul-de-sac that allowed for detention and infiltration of
runoff was constructed in lieu of a conventional paved
area. Individual bioretention areas (rain gardens) were
incorporated into each lot to detain and infiltrate roof
and lot runoff. Two shared driveways and one indi-
vidual driveway used traditional asphalt paving. Four
driveways were constructed using alternatives to tradi-
tional asphalt: two shared driveways used Ecostone ™
pavers: one shared driveway and one single driveway
used crushed stone (Gilbert and Clausen. 2006). Houses
were constructed in a cluster layout with reduced lawns and
low-mow areas. Deed restrictions were developed Lo
prevent certain activities during the study, such as filling
in of rain gardens or swales. and the addition of more
impervious surface Lo a lot. Ongoing education programs
were used to instruct owners on good housckeeping
practices. Additional best management practices (BMPs)
were used during construction, including locating and
seeding stockpiles to prevent sediment loss, hay bales.
silt fence, earthen berms, and posi-storm maintenance.
Construction in the LID subdivision began in 1999,
and continued through 2002. After completion, total
impervious area was 21%.

The project was located in a climate that is influenced by
both continental polar and maritime tropical air masses
(Brumbach. 1965). Average annual precipilation is ap-
proximately 1237mm and is distributed uniformly
throughout the year. Hurricanes enter the state periodi-
cally. Soils on the sites were mapped as Canton and
Charlton (mesic typic Dystrudepts). The typical infiltration
rate for this type of soil is 33cm hr~' (USDA, 2007).

2.2, Monitoring
Stormwater volume in the traditional subdivision wag

measured using an ISCO 4230 bubbler flow meter and a
38.1cm Palmer—Bowlus Hume attached to a stormwater
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Fig. 1. Traditional subdivision layout in Waterford, C1.
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Fig. 2. LID subdivision layout in Waterford. CT.

pipe. Stormwuater volume in the LID subdivision was
measured using an ISCO 4230 How meter and a 45.7¢cm H-
fume located at the end of a grassed swale.
Flow-weighted samples were collected automatically by
an 15CO sampler. and were refrigerated in situ. Weekly
samples were immediately placed in a cooler with ice packs

and transported to the water quality laboratory where they
were stored in a relrigerator at @ constant wemperature ol
4°C.

Due to an inconsistent precipitation vecord at the study
site, monthly precipitation data from the National Climautic
Data Center in Groton. CT (station #063207). which g
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approximately okm from the study site. was used as a
relerence (NOAA, 200DA).

2.3 Sumple analvsiy

Acadified composite stormwater samples were analyzed
for nitrate + nitrite mitrogen (NO—N). ammonia nitrogen
(NH; N). total kjeldahl nilrogen (TKN), and total
phosphorus (TP) using Lachat™ colorimetric flow
injection  system (US  EPA, [1983a). Muss export
(kgha 'yr~') was calculated by multiplving weekly
cumulative low by weekly sample concentration values.
dividing by the walershed area. and summing lor the year.
Total nitrogen (TN) values were calculated by summing
TKN and NO;-N mauss export vilues.

2.4, Impervious area caleularion

A weekly field log was maintained on construction
activities in both subdivisions. in which installation dates
for driveways and roads were documented, Impervious
ares was caleulated by hand measurements in the lield.
A house was considered impervious area when the rool was
installed. The percent impervious ol the subdivision was
calculated based on Lotal mmpervious area present on a
weekly basis. divided by the total watershed arvea. An
annual average of weekly percent impervious area values
was calculated. Sidewalks and patios were a minute part of
both watersheds. and were not included in percent
impervious caleulations.

Due to changes in the disturbed area on the construction
site. water flow paths were altered during construction. As
a result, the watershed areas for the traditional and LID
sites varied  during  land  development.  Although the
amount ol impervious arca increased continuously until
completion, the overall watershed aren may have been
mgher or lower than the previous year. Therelore, the total
impervious arca percentage for o given year may be higher
or lower than the previous vear,

2.5 Dara analysis

Flow volume and pollutant export were summarized
for each year. for each subdivision. Average total
impervious area (%) for each year was also caleulated for
cach subdivision. A log-normal relationship was then
developed for each subdivision, with the independent
variable being watershed impervious coverage (%), and
yearly flow or pollutant export values being dependent
variables. Each point on the graphs therefore represents a
year, from 1996 through 2004, Runoll coellicients [or cach
yeur were caleulated by dividing annual runoft by annual
precipitation, and multiplying by 100, Regression signifi-
Cunee esting, R/ calculations. and parameter estinates
were performed i JMP (JMP, 2002) statistical package.
version 3.1
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3. Results and Discussion
3.1 Precipitation

Annual precipitation varied from 4% above normal in
1996 10 24%, below normal 1997 (Fig. 3). For other years.
variation was 10% or less of the 30-year normal precipita-
tion (123.8 cm).

3.2, Stormvwater runof] colume

Changes in stormwater volume were found as total
impervious area increased in the traditional subdivision
(Fig. 4). As impervious area increased [rom 1% to about
32%. annual runolf increased 49.000% from 0.1 cm to over
S0em. or more than two orders ol magnitude. Since
precipitation during this peried followed no trend.
this chunge was due 1o the development ol the subdivision.
This regression was significant (p = 0.001) and logarithmic.
indicating an exponential inerease in stormwater volume as
impervious arca was added (Fig. 4). A similar exponential
increase in the runoff coellicients was also lound as
watershed mmpervious area increased i the rraditional
subdivision (Fig. 5). The maximum runolf coelficient in the
truditional subdivision was 47%,., and within the range of
coclficients reported by others (Novomy and Olem, 1994:
Schueler. 1994).
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Other researchers have documented stormwater volume
increases ol 100% (Jennings and Jarnagin, 2002) and 500%
(Waananen, 1969) as impervious coverage increased in a
watershed. One modeling study showed increases in runofl
volume up to 12.400% as total impervious area increased
45%, (James, 1965). although this increase is not typical of
other values in the literature, The more dramatic increase in
runofl volume found in the current study may be a result of
scale: the study watershed in Waterford was 1.7 ha, whereas
the catchments ol the studies previously mentioned were
320 ha (Waananen. 1969) and 6100ha (Jennings and
Jarnagin. 2002) in size. As walersheds increase in size,
streamflow response (per unit area) to an event tends to
become more dampened (Dunne and Leopold. 1978). Small
watersheds also respond more quickly to an event. or have a
shorter time ol concentration. Therefore, modifications in a
small watershed will result in more prominent flow changes
than if similar changes were made in a large watershed. The
current study shows that the impact of increased storm-
water runoff on local streams due to changes in a smaller
walershed can be dramatic.

Due to differences in topography and soils, the LID
subdivision had more runoff before development than the
traditional watershed (Fig. 4). Despite this initial difference.
runoll” volume and runoff coefficients in the LID watershed
did not change as impervious area increased from zero to
21% (Figs. 4 and 5). A non-significant regression [or the LID
walershed confirms the lack of a relationship. The fow
increases noted in other studies with similar increases in
impervious area (Hollis. 1977: Waananen, 1969) were not
found in this LID subdivision. This finding can only be
attributed to the LID stormwater management techniques
distributed throughout this watershed.

d.3. Nutrient export

Nutrient export showed a similar response to runofl
volume. NO3 N export increased logarithmically in the

traditional subdivision with development, however no
change was found in the LID subdivision (Fig. 6a).
NH3-N export from the traditional subdivision was similar
to NOs-N export. however, for the LID subdivision. NI1;-
N export actually significantly decreased (p = 0.05) with
increasing impervious areda (Fig. 6b),

The change in TN export was similar to the change in
NO+-N export. with a significant logarithmic relationship
for the traditional subdivision, and no relationship for the
LID subdivision (Fig. 6¢). TN export values for the
traditional subdivision after development were approxi-
mately 10kgha™' yr_' (Fig. 6¢). Average TN export in an
urban watershed (1999-2001) with 27% impervious area in
Maryland was 8.6 kgha_lyr_l (Groffman et al., 2004).
Medium density urban watersheds around the country
were found to have a mean TN export of 9.6kgha 'yr'
(US EPA, [983Db). Increases in development in North
Carolina have been found to cause significantly higher TN
export (Atasoy et al.. 2006). In contrast. TN export from
the LID watershed averaged 2kgha'yr~', which is
similar to TN export from forested watersheds (Frink,
1991). TN export rom three urban/suburban watersheds in
Maryland (1999-2001) with impervious area similar (0 that
of the LID watershed was much higher at
6.0-7.4kgha~' yr~' (Groffman et al., 2004).

TP export was similar to nitrogen: a significant
(p = 0.001) logarithmic trend was found for the traditional
subdivision, whereas no trend was found for the
LID watershed (Fig. 6d). Alter development, TP export
from the traditional subdivision was approximately
2kgha 'yr' (Fig. 6d). TP export from medium density
and high density urban areas was found by EPA to be |.48
and 2.45kgha~'yr~!, respectively (US EPA, 1983b). In
contrast, average TP export {rom the L1D subdivision was
0.4 kgha'yr—'. which is much lower than the 0.99 and
1.48 kg ha ' yr ' reported for low density and high density
urban areas in the United States, respectively (US EPA,
1983b).

4. Conclusions

A large increase in runoff volume was observed as total
impervious area increased through development of a
traditional subdivision in Waterford. CT. Runofl coelli-
cients also inereased. These relationships were non-linear,
mdicating that as imperviousness increases, annudl storm-
water runoff volume increases exponentially. In contrast,
annual stormwater runoff volume in the LID subdivision
did not change as watershed impervious coverage in-
creased. This lack of change in flow with increaged
impervious area is altributed to the LID stormwater
management techniques used throughout the watershed.

Pollutant export regressions were similar t© runoff
regressions, Indicating that the fow increase in the
traditional subdivision was the primary driver bhehind
pollutant export increascs. In general, pollutant cxport
from the traditional subdivision wag in line with export



ja b

a

NO:-N export (kg/halyr)

TN export (kg/halyr)

M.E Diciz, J.C. Clausen | Jowrnal of Envivenmental Managenient 87 (2008 36()- 566 365
b
100 —— — — ‘ 10
10 J | =
o & | wm 14
R =021 | = .
1 z J o L e d
------ R"=0.80 | s gl R°=0.98
01 1 152( 01 ?
i 4 Traditional ‘ | k e
° LD o = 0.01 4 LID
0.001 1a Tration % Traditianal
e~ A A - = LD
0.0001 : . . : ; . ; | 0.001 4— : : - .
0 5 10 15 20 25 30 35 40 0 10 20 30 40
Total impervious area (%) Total impervious area (%)
d
100.00
10
10.00 - :: {4
o @
L oI o R%=0.92 S .- R%=0.85
i 3 e
1.00 ! = 01 %
4 Traditional § d & Traditional
0.10 - ° LID o 0.01 4 L] LID
— Traditional = N Traditional
- = LD = = LD
0.01 += T T ; 0.001 T 3 T
0 10 20 30 40 0 10 20 30 40

Total impervious area (%)

Fig. 6. Nutrient export (1996-2004) [rom traditional and 11D

[rom urbanized watersheds. whereas pollutant expor! [rom

the LID subdivision was more consistent with export from
[orested watersheds.

This paper did not examine peak fAow rates or the
responses ol the different subdivisions to extreme events.

The focus was the impact of the LID approach on the
annual hydrolegic budgel. These findings indicate that the

use of LID techniques on a wulershed scale can Signili-
cantly reduce the impacts ol development on downstream

wiler bodies.
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Abstract

Human alteration of the landscape has an extensive influence on the biogeochemical processes that drive oxygen cycling in streams. We
estimated trends from the mid-1990y to 2003, using the seasonal Mann—Kendall's test, for percent saturation dissolved oxygen (DO).
chemical oxygen demand (COD), total Kjeldahl nitrogen (TKN), and ammonia-nitrogen (NH3-N) for 12 sites in the Rock Creek
watershed, northwest Oregon, USA. In order to understand the influence of landscape change, scale. and stormwater runoff management
on dissolved oxygen trends. we caleulated land cover change through aerial photo interpretation at full-basin, local (near sample point)
hasin, and 100m stream bufTer scales. for the years 1994 and 2000, Significant (p<0.05) trends occurred in DO (inereasing at five sites).
COD (decreasing at seven sites). TKN (decreasing al five sites, increasing at one site). and NHi-N (decreasing at one site. increasing al
one site). Significant land cover change oceurred in agricultural land cover (—8% for the entive basin area) and residential land cover
{ + 10% for the entire basin arca) (p<0.05). Correlation results indicated that: (1) forest cover negatively influenced COD at the full basin
scale and positively influences NH3-N at local scales. (2) residential land cover influenced oxygen demand variables at local scales. (3)
agricultural land cover did not influence oxygen demand, (4) local topography negatively influenced TKN and NH:-N. and (3)
stormwater runoff management infrastructure correlated positively with COD at the local scale. This study indicates that landscape
[actors influencing DO conditions for the study streams act at multiple scales. suggesting that better knowledge of scale-process
interactions can guide watershed managers’ decision making in order to maintain improving water quality conditions,

(2007 Elsevier Ltd. All rights reserved.

Keywords: Waler guality; Land cover; Best Management Practices: Scile; Urbunization

1. Introduction

The presence of adequate concentrations of dissolved
oxygen (DO) in surface waters is critical to the sustenance
of aquatic ecosystems. Low DO concentrations can lead to
impaired fish development and maturation, fish mortality.
and fish and macromvertebrate habitat degradation
(Rounds and Doyle, 1997: Cox, 2003)., The amount of
oxyeen in o stream is controlled by the volume of waler,
reacration by physical processes (e.g., riffles). oxygen
production by in-stream plants (biological processes).
water temperature, and biochemical oxygen demand
(BOD) (the combination of oxygen consumption during

"Corresponding author. Tel: + 13503725 3162: fax: +1 503 725 3166.
Eometl aeldress: changhi@ pdx.edu (H. Chang).

0301-4707/8 -see front matter @ 2007 Elsevier Lid. All rights reserved.
doi: 10.1016/j. jenyman. 2007, 12,009

the decay of organic matter and the amount of oxygen
removed during the nitrification of ammonium). BOD is
determined by the amount and type of organic material
from point and nonpoint source pollutants as well as from
naturally occurring processes. Water temperature relates to
oxvegen concentration through the solubility of oxygen.
With increasing water temperature. oxygen solubility
declines, resulting in a reduction in DO (Massoud et al.,
2006). Additionally, low flow allows lor greater insolation
to the water column, increasing waler temperature and
reducing oxygen saturation coneentrations.

In many urban streams, land cover change influences
the volume and timing of runofl. which in turn causcs
multiple water quality impacts, some of which lead to
low DO concentrations. In the Portland metropolitan
area. watershed urbanization causcs the flashiness of
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stream discharge us impervious dareas (e.g. pavement and
compuacted soil) interrupt the naturdal runoll” delivery
mechanisms of infiltration and groundwater How (Chang,
2007). This alteration of water movement through the
watershed provides a mechanism for inercased transport of
pollutants and organic materials Lo receiving walters (e.g.
hacteria. leal litter. sediment. oils and grease), as well as
mechanism  for increased stream channel incision and
removal of in-stream habitat characteristics such as large
woody debris (Dunne and Leopold. 1978: Booth and
Jackson: 1997; Wang. 2001: Morley and Karr. 2002: Choi
et al., 2003). As urban development increases along
Portland’s rivers and streams, riparian coverage is reduced.
thus altering bunk morphology. This results in increased
sediment transport, loss of sources for leal litter and large
woody debris. and increased rates of transformation of
nutrients (Booth and Jackson. 1997: Band et al.. 2005),
Finally, the absence of riparian canopy shading in urban
stream corridors can warm the water column. facilitating
the conversion of adsorbed nutrients to more readily
available soluble forms and decreasing in-stream DO
values (Karr and Schlosser. 1978),

In order o mitigate negative impacts ol urbanization on
stream water quality. management agencies in the Umted
States  are implementing urban  runofl  muanagement
through Best Management Practices (BMPs). BMPs are
structural and non-structural mechuanisms employed Lo
control diffuse pollutant loading to receiving walers
(Novelny. 2003). Structural BMPs olten take the lorm ol
areas designed Lo reduce peak and volume of runolf during
o storm evenl. These areas include retention basins (e.g.
ponds. vaulls). which capture and attenuate runofl with
various flow control structures. Non-structural BMPs
include programs such as regularly-scheduled street sweep-
ing to reduce the potential load of leal litter. sediments. and
heavy melals delivered to streams (Tobin and Brinkmann,
2002; Novotny., 2003).

In the Rock Creek basin water quality regulations
compel developers to mitigate adverse water quality
impacts resulting from urbanization (Oregon Department
ol" Environmental Quality, 2005). As a result of these
regulations, an extensive systemi of storm lines (open and
closed conveyances that transport surface runofl). storm-
water storage-quality control basins (e.g. drains. vaults,
infiltration swales). storm ponds and detention basins has
heen developed in conjunction with urbanization. Several
studies suggest thalt the connectivity of storm sewer
networks and Effective Impervious Area (EIA: impervious
surface area that is directly connected to stream channels)
15 of significant importance to the health of urban streams
(e.g. Hatt et al.. 2004: McBride and Booth. 20035). Anulysis
of these stormwater runoff retention-detention basins and
other urbanization characteristics such as road density and
EIA will provide insighl into their influence on oxvgen
demand at the local scale.

We examined the influence ol land cover change and
storm - water oxygen demand

urbun 111L-mngemem on

viariables for the Rock Creek basin and its sub-basins
using 10 years of data (1994-2003). We employed a multi-
scalar approach (o spatial analysis (o identify scalar
linkagcs with varlations in water qualily trends. Some
studies linked watershed-scale disturbance or sub-busin-
scale land cover change with degradation ol water quality
(c.g.. Sliva and Williams, 2001: Morley and Karr. 2002;
Chang and Carlson, 2003), while other studies stressed the
importance of stream network (Pan ct al.. 2004). These
studies indicates that a multi-scalar approach is appro-
priate to unravel the complexity of oxyvgen demand trends
in an urbanizing basin,

2. Materials and methods
2.1 Stucy area

Rock Creek is o tributary of the Tualatin River. adjacent
to Portland, Oregon (Fig. 1). The Rock Creek bagin
encompasses 194 km™ of the northeastern portion of the
Tualatin basin. The headwaters of Rock Creek and its
major tributaries are located in the Tualatin Mountains,
west and northwest of Portland. at elevations between 200
and 260m. The mouth of Rock Creek. at its confluence
with the Tualatin River at Hillsboro, Oregon. lies at 60 m.
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Fig. |, Rock Creck basin, sub-basins, and (rend analyvsis waler guality
sites. Hypsographic tints ilustrite elevation for the Roek Creek basim. The
witershed is crossed ]‘l) e |l|i|_jnr arterial roads: 1S [-f\v'\-' 26 und Orc‘gnn
State Hwy & Inset maps show the Western US. Tualatin River Basin, und
the Rock Creek basin boundary,



M. Boeder, H. Chang [ Journal of Envirommental Management 87 (2008) 367-351 369

We examined [2 monitoring stations that represent a
aradient of urban development. Two stations are in the
mainsternt of Rock creek. Tributary stations include:
four in Bronson Creek, two in Beaverton Creek, one in
Johnson Creek. one in Cedar Mill Creek (Cedar Mill and
Johnson Crecks arc tributaries of Beaverton Creck), and
two stations in Dawson Creek. A monthly hydrograph for
Rock Creek al Quatama Road reflect high flow in wet
winter months and low flow in dry summer months
(Fig. 2).

The fish habitats of Rock Creek watershed are sensitive
to fluctuations in DO and nitrogen in the streams. The
mainstem of Rock Creek is a spawning environment for
Coho Salmon (Oncorhynchus kisuteh) and Steelhead Trout
(Oncorfiynehus mykisy). Steelhead trout is listed as threa-
tened under the Endangered Species Act (Oregon Depart-
ment of Environmental Quality, 2001). Colder headwater
reaches of Reck Creek and select tributaries are spawning
zones for Cutthroat Trout (Oncorhvnchus clarkr).

Principal municipalities in the Rock Creek basin include
Beaverton. Cedar Mill. and Aloha, Portions of Hillsboro
extend into the westernmost area of Rock Creek. In 2000,

the US Census Bureau (2005) reported the populations of

the Aloha and Cedar Mill municipalities to be 41,741 and
12.397, respectively. The 2004 data for Beaverton indicate
an increase of 49% from 1990, from 53.307 to 79.350 (City
of Beaverton, 2005; Oregon Blue Book. 2005). The Rock
Creek basin is traversed ecasl to west by two major
transportation artertes. US Hwy 26 and Oregon State
Hwy 8. In the 1980s. continuing development pressure in
the Tualatin River basin resulted in impaired water quality
that could not be mitigated through technological upgrades
at point discharge pollutant sources. Impaired oxygen
levels and algal blooms were of particular concern.
Mitigation measures included Total Maximum Daily
Loads (TMDLs), established in compliance with
Section 303(d) of the US Clean Water Act (US EPA.
2007). for ammonia (to limit oxygen depletion through
nitrification) and phosphorus (to limit algal growth). In
1996 and again in 1998 Rock Creek and its tributaries were
listed for impaired dissolved oxygen and temperature.
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Fia. 2 Monthly hvdrograph at Rock Creek at Quatama Road.
20002005,

According to Oregon’s 2002 section 303(d) list, all
tributaries and the mainstem of Rock Creek were de-listed
for all water quality parameters. De-listing occurs when
menitoring indicates that critical threshold values for
respective water quality parameters are being met (Oregon
Department ol Environmental Quality, 2007).

2.2. Data and methods

2.2.1. Water quality and flow data

Water quality data were obtained from Clean Waler
Services (CWS) ol Hillsboro, OR (Clean Water Services,
2005). Samples were typically taken biweekly and analvzed
in the CWS laboratory following the standard analytical
method lor testing water quality (Eaton et al.. 1994),
Instantaneous flow values were also measured at the time
of sample collection. We used four constituents — DO
(Yosat), COD, TKN. and NH3-N - for trend analysis at 12
monitoring sites. These sites comprised all of the Rock
Creek basin water quality monitoring sites that have long-
term instantaneous flow data. All of the flow data records
contained gaps. These gaps were addressed in the estima-
tion of trend based upon suggestions by Hirsch et al. (1991)
detailed below. In this study. values that fall below the
detection limits of laboratory analyses were reported at
one-half of the detection limit for the given constituent
following the methodology employed in Bekele and
MecFarland (2004) and Stansfield (2001). Because censored
values were treated as ties in the seasonal Kendall test. and
the reporting limit [ell below actual reported data values
(i.e. the reporting limit has not increased through the
duration of the data record). censored data had minimal
effect on the detection of trend in the current study.

2.2.2. Flow-adjusted concentration: LOWESS residuals

Dissolved chemical concentrations frequently correlate
with discharge (Helsel and Hirsch. 1992). In order to
account lor the mfluence of discharge variability in trend
estimation, Hirsch et al. (1991) and Esterby (1996)
recommend measuring trend in residuals from the low-
concentration relationship as determined by Locally
Weighted Scatterplot Smoothing (LOWESS). We used this
method for our study. Trend estimation using LOWESS
residuals has been used in a number of studies, including
Zipper et al. (2002) for watersheds in Virginia, US and
Djodjic and Bergstrom (2005) for agricultural watersheds
in Sweden.

LOWESS is a robust technique for creating a regression
line that is based upon locally weighted averages about
each v observation point (Cleveland, 1979). In LOWESS
analysis, a window, or smoothing factor, is applied. which
identifies the neighborhood of data points around ¥, lo be
incorporated in the smoothing function. Each weighted
average is a function of the magnitude of the residual at
point x,. as well as the distance of x from the center of the
moving window width. Smoothing factors range from 0 to
1, with large values minimizing the response of the



570 M. Bocder, H. Chang | Jowrnal of” Environmental Managemenr 87 (2008 ) 567-581

smoothing function to variability in the data and small
values maximizing the response of smoothing to data
variability, similar in nature to inverse distance weighting
(Bekele and McFarland. 2004). In this study. a smoothing
factor of 0.5 (i.e. 30% ol the data points incorporated into
cach smoothing iteration) was chosen, The choice of 0.5 for
smoothing is adequate for reducing the wvariability in
constituent concentration attributed to discharge (Bekele
and McFarland. 2004). The structure and behavior of the
LOWESS function are discussed at length elsewhere (e.g.
Cleveland. 1979: Djodjic and Bergstréom. 20035).

2.2.3. Trend analvsiy: seasonal Mann—Kendall test

Seasonality can be expressed in a water quality data
record and can obscure trend estimation results. Season-
ality in water quality parameters can originate [rom
biological and chemical cycling within the watershed as a
response to changing hyvdroclimatic conditions (e.g. timing.
intensity, and form of precipitation) that accompany
changing seasons. For example. nutrient fluxes in agricul-
tural catchments can rise dramatically at the onset of fall
precipitation as ammonium ions adsorbed onto soil
particles are fAushed off of fields in surface runoff
(Heathwaite and Johnes, 1996),

Hirsch and Slack (1984). Gilbert (1987). Hirsch et al.
(1991), Helsel and Hirsch (1992), and Esterby (1996)
recommend the seasonal Mann—Kendall test as a robust
method for accommodalting seasonality in trend estimation
for water quality records. Numerous researchers have
employed this test 1o estimate trends in water quality data
(e.g. Lettenmaier et al., 1991: Yu et al., 1993; Zipper et al.,
2002: Riiike et al.. 2003; Passell et al.. 2004). The seasonal
Mann-Kendall test computes the nonparametric Mann-
Kendall statistic for each user-defined season. The Mann—
Kendall test is a modification of the nonparametric
Kendall’s tau test for correlation, in which data collected
over the temporal dimension are correlated with time as the
X variable. The Mann—Kendall statistic is computed for
each season and the results are combined, removing serial
correlation in the data values. Further, estimates of slope
or magnitude of monotonic ¢change are derived from the
median slope of the ranked slope estimates from the data
for each season (Intelligent Decision Technologies, 1998).

2.2.4. Land cover analysis

Multi-scale land cover analysis. utilizing ArcGIS (ESRI,
2005). was accomplished through the establishment of sub-
watersheds based on flow accumulation poeints that
corresponded to the water quality monitoring sites (see
Table 1). This approach is similar to the approach
employed by Morley and Karr (2002) and McBride and
Booth (2005). Riparian buffers (100m) delineate near-
stream areas for each stream. This bulfer distance is in
accordance with Sliva and Williams (2001) and Scott et al.
(2002). Multiple local scale watersheds were established
within each sub-watershed as well, by locating points along
the stream routes, 500 and 1000 m upstream {rom each

monitoring site and using ArcGIS to establish flow
accumulation areas (based on the study design of McBride
and Booth. 2005). Finally, the 100m riparian buffer
corridors were clipped to local basin boundaries (o
establish local riparian zones (Fig. 3).

The local analysis portion ol this study (ollows Hatt
et al. (2004) and McBride and Booth (2005). Urban land
cover variables include road density, storm line density.
storm structure density, storm relention structure density
(e.z. storm ponds. swales. retention basins. and stormwater
vaults). stormwater outfall density, distance to first road
crossing. distance to first stormwater outfall, and Effective
Impervious Area (EIA). Mean slope ol the local basins is
also included following the work of Snyder et al. (2003).
These variables are assessed [or each 1000 m basin derived
in the previous analysis. The EIA data set is based upon an
EIA assessment for the year 2000 (Clean Water Services.
2003).

For land use classification. we used 1994 aerial photo-
graphs (georectified root-mean-squared errors less than
10m) and 2000 aerial imagery (a georeferenced photo-
mosaic established by the US Geological Survey). Wetland
coverage data from 1998 was based upon locally revised
US National Wetlands Inventory data. We used this
supplementary data set to locate wetlands given the
difficulty of wetland identification through wvisual inter-
pretation of aerial photography (see Appendix 1). Land use
classifications follow a modified Anderson Level 11
classification (Anderson et al, 1976) (see Appendix 2).
This classification system has been used lor categorizing
land cover based on aerial photo imagery (e.g. urban or
built-up land in Anderson Level I can he subdivided into
residential, commercial, industrial. transportation. etc.)
(Anderson et al.. 1976). Land cover polygons representing
different land covers were then converted to a 30 m raster
grid, which allowed lor the estimation of land cover change
using simple grid addition.

2.2.5. Correlution and multiple comparisons

We used correlation analysis to determine the relation-
ship between land cover and water quality. Correlation
analysis has been used extensively in other similar studies
(Gove et al., 2001; Stewart et al., 2001: Scott et al.. 2002;
Tong and Chen, 2002). Because of small sample size and
non-normality of data. we used non-parametric Spear-
man's rank correlation coefficients for all land cover and
oxygen demand variables. Oxygen demand data are
disaggregated by season to coincide with seasonal divisions
employed in the trend analysis portion of this study (dry:
June—October: wel: November-May). Seasonal separation
of water quality data in land cover studics is based on
monthly hydrograph (see Fig. 2) and follows the work of
Sliva and Williams (2001), and their assertion that land
cover/water quality correlations can exhibit strong seaso-
nal response.

When comparing multiple correlations between water
guality and different land covers. we used the [false
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Table |
Seasondal Kendall test resulis

Site name Dt record DO (Yo sat)

COD (mg/L) TKN (mg/L) NH =N (mg/L)

N Slopt:h N Slnpeh N g‘()pt‘-h N glnpch
Bronson al Saltzman 8/97-9/03 132 138 129 138
Bronson 2t West Union 6/95-9/03 174 180 —0.442 172 —0.009 157 (.001
Bronson at Bronson Park 2/01-9/03 36 57 30 —0.036 58
Rronson at 185th 5/94-2/97 76 75 75 NA
Beaverton al 170th" 5/96-8/03 79 | 980 1] —00.767 77 —0.012 Ri)
Beaverton at Cornelius Pass” 5/90-10/00¢ 43 1.143 78 -(0.739 84 3l
Cedar Mill at Jenkins G6/96-4/01 50 1314 62 —1.290 62 o1
Dawson at Airport 4/01-4/03 i5 35 a0 is
Dawson al Brookwood 7/97-9/03 16 17 109 117
Johnson at Davis 5/94-9/03" 176 2384 178 —(1.435 171 0010 86
Roek Creek at Quatama A 3191-11/95 136 123 135 NA
Rock Creek at Quatama B T/98-9/03 164 167 —0.680 152 —0.017 167
Rock Creek at Hwy §° 3/90-3/03° 130 (.313 124 —(514 128 —(0.005 75 —0.001

Data indicate trend in LOWESS residuals from the fow-concentration relationship for water quality sites in the Rock Creek basin,
Trend results significant at 95% confidence level (x = 0.05) are only reported here.

NA = insufficient observations.

“Trend analysis for these three sites was computed on monthly median values hecause of computational limitations ol the software.
"Slope values are based on Seasonal Kendall Sen Slope estimator in units/yr.,

Ej_.“}(!— | ”["l [or NH o N.
45/90.9/03 for NH;-N,
"091-3/03 for COD and 3/96-3/03 for NIHa-N,

1000 m
local
. basin

100 m
buffer

1
—————
Fig. 3. Boundary delineation for multi-seale land cover assessment. The
enlarged inset represents a 1000 m sub-basin delineated from the water
qu:l]it_\' sampling point. Buffer distance in both figures is 100m.

discovery rate (FDR) to remove the harshness of standard
procedures such as Bonlerroni corrections (which control
the risk of making at least one Type | error). by controlling
the permissible proportion of Type [ errors. FDR is defined
as “the expected proportion of true hypothesis rejected out
ol the total number of rejections (McBride. 2005)." The
cutoll p-value is determined if the p-value is less than the
ratio of the Nth lowest p-value to the number of
comparisons times the false discovery rate (e.g.
o = 0.05). FDR is advantageous over Bonferroni correc-
tion because it regains statistical power and avoids an
abundance of false-positive results. The FDR has been
used in previous water quality studies (e.g., Garcia, 2003;
Nivogi et al.. 2007).

3. Results
3.1, Trend analysis

Table 1 illustrates the results for the seasonal Mann
Kendall test ol the LOWESS residuals from the flow—
concentration relationship. Significanl increasing trends
were [ound for DO (%sat) at the Beaverton Creek sites,
Cedar Mill Creek, Johnson Creek. and Rock Creek al Hwy
8 (range: 0.513-3.314% /yr). Significant decreasing trends
in COD were indicated for Bronson Creek at West Union,
the Beaverton Creek sites. Cedar Mill Creek. Johnson
Creek, late Rock Creek at Quatama, and Rock Creck at
Hwy 8 (range: —0.442 to —1.290mg/L/yr). Significant
decreasing trends in TKN were found at Bronson Creck at
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West Union and Bronson Park. Beaverton Creek at 170th.
Rock Creek late Quatama, and Rock Creek at Hwy 8
(range: —0.005 to —0.036 mg/L/yr). An increasing trend in
TKN was reported lor Johnson Creek (0.010mg/L/yr).
Finally, NH;-N data showed significant trends at Bronson
Creek at West Union (0.00] mg/L/yr) and Rock Creek at
Hwy 8 (—=0.001 mg/L/yr).

Table 2 shows the results for Spearman rank correlation
between nitrogenous oxygen demand variables and COD.
Al all stations, COD varies significantly with TKN
(correlation values from 0.26 at the Johnson Creek site (o
(.63 at the Cedar Mill Creek site). Dissolved NH:-N only
varies significantly with COD at two stations, the head-
waters Bronson Creek at Saltzman, and Dawson Creek at
Brookwood (0.23 and 0.19, respectively).

A complicated picture emerges when the values [rom the
correlation analysis are applied to trend direction. At the
Bronson Creek at West Union site. both TKN and COD
exhibit decreasing trends and show a moderately strong
correlation between TKN and COD (Spearman’s rank
correlation coefficient p = 0.61). The Beaverton Creek at
170th avenue site also exhibits decreasing trends in TKN
and COD. but there is only a moderate correlation between
COD and TKN (p=048). The Rock Creek sites
(Quatama Road late and Hwy &) exhibit decreasing trends
in TKN and COD with p values of 0.36 and 0.39,
respectively. Additionally, NH; concentrations exhibit a
downward trend, albeit small in magnitude (—0.001). at the
Rock Creek at Hwy § site.

3.2, Land cover analysis

Percent land cover values were determined [or each
assessiment seale (full basin. full basin 100 m stream butfer.
local basin (300, 1000m). and local basin 100m stream
buffers (see Appendix 3). Aggregated data for all assess-
ment scales was analyzed for statistical difference based on
groupings by year using the Wilcoxon Signed Ranks test.
Results (not shown) indicate that aggregate values for
agriculture and residential land cover designations are
statistically distinet between 1994 and 2000 at p<0.001
(N = 72). Basin-wide results for land cover change indicate
that there was an 8% loss of agricultural area (1542 ha)
and a 10% increase in residential area (1873 ha). Fig. 4
illustrates conversion of land to residential and commercial
land uses from 1994 to 2000.

Tables 3 and 4 summarize the correlations between land
cover and seasonally disaggregated (dry and wet season)
oxygen demand variables for the mid-1990s and 2000.
respectively (confidence level: 95% (p<0.05)). As shown in
these tables. significant correlations are more pronounced
at the local basin and buffer scales than full sub-basin and
butfer scales. At the full sub-basin scale and the full buffer
scale, only cight significant correlations exist. Dry season
COD consistently shows negative correlation with forest
land cover al both scales for both years. For mid-1990s wet
season DO is negatively associated with commercial land

cover, while dry season DO is positively associated with
wetland land cover at both scales. No significant correla-
tions are found for the 2000 wet season data.

At the 1000 m basin scale, no consistent results are found
in either vears. For mid-1990s data. NHs-N 18 negatively
associated with open land in both seasons, while dry scason
DO is positively associated with residential land cover.
Significant negative correlations exist between dry season
TKN and roads and between NH3i-N and water, For the
2000 data. dry season NHs-N is positively correlated with
agricultural land while it1s negatively associated with roads
and residential land cover. At the 1000m bulfer scale,
forest land cover is positively associated with mid 1990s dry
season NHi-N concentration and wel season NHi-N
concentration. Dry season NH3-N 1s negatively associated
with roads and residential land cover. At the 500 m buffer
scale, dry season NHz-N is positively associated with [orest
land cover for both seasons in 2000. but only significant for
dry season in the mid-1990s. Dry season DO is negatively
associated with waler and residential areas in the mid-
1990s and with lorest in 2000.

The FDR analysis drastically reduces the number of
statistically significant correlations in our data set. The
cutoff p-value is 0.00625. Only two cases meet this
criterion: negative correlation between dry season NH3-N
concentration and open land at the 1000m basin scale
(p=0.003). and dry season DO saturation and residential
land at the 1000 m basin, 100m buffer scale (p=0.001). As
will be discussed later. reducing the discussion to only those

Table 2
Spearmin rank correldation results for relutionships between TEKN, NH;-N
and COD at Rock Creek basin study sites

Site name COD and TKN COD amd NH5-N

N Spearman N Spearman

coell. coell.
Bronson al Saltzman 129 0,38 138 (23
Bronson at West Union 172 0.61%* 157 .06
Bronson al Bronson 58 (),35%% 65 —.14
Park
Bronson at 185th 73 .4y Insufficient data
Besaverton at 170th* 169 48*= 145 —(.03
Beaverton at Cornelius 225 0.43%* 85 0.12
Pass™
Cedar Mill at Jenkins 63 0.63%* 62 0,03
Dawson at Airport 30 (135 35 0.16
Dawson at Brookwood 109 (), 3% 117 0.19*
Johnson at Davis 171 ().26%* 106 018
Rotck Creck at Quatama 122 0.47%* Insufficient data
{early)
Rock Creek at Quatama 152 ().36%* 167 0.06
(late)
Rock Creek at Hwy 8" 416 0.35%* 216 (.04

*Results significant at 95% confidence level (¢ < 0.05). %% Results signihieant
at 99% confidence level (x=<0.01).

“Trend analysis for these three sites was computed on monthly median
values because of computational imitations ol the software,
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correlations that are statistically significant runs the risk of
dismissing ecologically sigmficant relationships that don’t
meet an established p-value. With this in mind, and
accepting the potential for Type | error, we will discuss
the results of the uncorrected correlation analysis. That is,
we [eel that the uncorrected correlation analysis results
suggest important relationships between water quality and
land covers that may be unnecessarily dismissed under the
amdance of FDR results.

Table 5 contains Spearman’s correlation results for
1000 m local basin analysis between basin urban storm-

qater management infrastructures and median oxygen
demund values for seasonal and annually aggregated data
from 2000. The 2000 dry season datla shows two significant
(p=<0.03) correlation values: mean slope correlates nega-
tively with TKN and NH;-N. The wel scason data also
exhibits a significant negative correlation between mean
slope and NH;-N. Additionally, COD correlates positively
with storm line density, storm structure density, storm
retention structure density, and storm outfall density. Even
though multiple comparisons are considered, these are all
significant. Storm outfall density also exhibits significant
positive correlation with TKN.

4. Discussion
4.1, Trend analyyiy

The results of trend analysis are dependent on the period
studied and sample size. In a previous study in the Bronson
Creek watershed, Creech (2003) found trends of decreasing
total nitrogen from 1994 to 2001 at nine sites. significant
deelining trends in NH;-N for four upstream Bronson
Creek sites. and one increasing trend for the lowest
Bronson Creck site. The results were based on the
Mann-Kendall test on seasonally disaggregated non-flow-
adjusted water quality values. In the present study. data for
total nitrogen over a similar period showed significant
(7=<0.05) decreasing trends for two sites and one significant
increasing trend in NH:-N  (0.001 mg/L/yr. p<0.05).
Potential explanations for these differences include the
use of flow correction in the present study, and differences
in sample numbers between the two studies.

As a cautionary note, a single p-value may not capture
the potential environmental conséquences of landscape
change. In other words. statistical insignificance (where
p-value ig greater than 0.05) does not necessarily mean that
trends are environmentally insignificant (McBride, 2005).
A small insignificant difference could have implications for
larger environmental change.

The correlation analysis indicates that nitrogenous BOD
plays an important role in oxygen dynamics for many of
the sites tested. Owing to high levels of bioavailable
orthophosphate in this watershed (Wilson et al., 1999), it
may be that nitrogen bound in phytoplankton biomass
explains the majority of organically bound nitrogen.
Further, these results demonstrate that oxygen demand

management in the Rock Creek basin should address
nitrogenous inputs and conditions that may influence
nitrogenous oxygen demand.

4.2. Land cover analysis

Land cover analysis results for this study demonstrate
that oxygen demand variables are influenced to different
degrees by land cover classes. depending on the scale of
land cover assessment. The negalive correlations between
forest land cover and oxygen demand variables at the sub-
basin-wide and the sub-basin stream bulfer scales suggest
the importance forest cover throughout the entire sub-
basin in mitigating the delivery of oxygen demanding
materials to receiving waters, most likely through the
retention of decaying organic malter. While there was
approximately 5% (958 ha) of forest land loss in the Rock
Creek basin north of Hwy 8 between 1994 and 2000, this
loss is insufficient to alter the sub-basin-wide influence of
forest cover on COD concentrations. Sub-basin scale forest
cover assessments do not exhibil correlation with nitro-
genous variables. Hence, these results indicate that lorest
land cover influences the carbonaccous component of
biochemical oxygen demand (otherwise, ammonium and
TKN correlations would mirror the negative relationship
demonstrated by COD),

The positive correlation between ammonium and forest
cover at the local scale indicates that ammonia export via
pathways, such as leaching and throughfall. may exceed
uptake by lora. It is possible that dense riparian vegetation
adds substantial organic matter to the channel. Organic
matter decomposition could release ammoniacal-nitrogen
to waler bodies. Similarly. Scott et al. (2002), in a study of
several forested Tennessee River basins, found that strong
positive correlation (r" = 0.66) between ammonium and
forest land cover at a 100m buffer scale. These results
emphasize for watershed management the importance of
maintaining forest cover in order to mitigate carbonaceous
oxygen demand in surface waters from both a sub-basin-
wide perspective and a sub-basin, near stream perspective,

The disappearance of the negative correlation between
commercial land cover and wet season DO (%ssat) values in
2000 at the sub-basin scale suggests that the role of urban
runoff management measures accompanying new develop-
ment (3% increase in commercial land) is important in
improving DO conditions. However, local basin analysis of
urban runoff management refutes this suggestion, Wet
season median COD data for 2000 demonstrate significant
positive correlations with urban runofl management
rariables. A more detailed local analysis might reveal a
linkage between urban landscape variables and COID.

Residential land cover exerts more inlluence over oxygen
demand in the Rock Creek basin at local scales than sub-
basin scales. As residential land cover increased (10%
increases between 1994 and 2000), the positive inlluence of
this land cover class on in-stream DO declined. These
results indicate that watershed management decisions
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Fig 4. Land caver change in the Rock Creek basin, This image indicates total land cover change for the period 19942000, Results are Irom raster
arithietic caleulations bused upon uerial photo interpretation and subsequent digitization of land cover classes.
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Mid-1990% correlabion resulis Tor land cover and oxveen demand variables
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Fable 4
The 2000 correlation resulis for land cover and oxvgen demand variables
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Agri Com Forest Roads Water Wetland Open Resident
Full sub-basin
Dry COD e —0.620
p-value (L.042
N 1
L0 m basin
Dry NHa-N il 0.616 —.634 —0.620
p-value 0,044 0.036 0,042
N 1 11 B 11
Wel CoD Il 0.588
p-value (0.044
N 12
NH3-N 0 —0.610
p-value 0.035
N 12
Full-buffer
Dy COD P —0.736
p-valuc 0.007
N I
1000 m-buffer
Dry NH3s-N f —0.726 —{).688
p-vilue 0.011 001y
N I 11
Wet NH:-N ° 0.592 0610
pevalue 0.043 (L0335
N 12 12
S00m-buffer
Dry DO (%sat) 0 —0.697
p-value 0.0235
N 10
NHa-N P 0.758
p-vilue AN
N 10
Wet NH4-N o (1642
p-value 0,033
N Il

Data reflect Spearman’s correlation values for land cover data assessed at multiple scales and seasonal median oxyzen demand values, Only significant
relutionships are reported here (p=<0,05); *indicates the cutolT p-value using the false discovery rate * = 0,05,

regarding oxygen demand in surface waters must address
the local influence of residential land cover. Residential and
commercial development in the Rock Creek basin implies a
change in runoff dynamics for the watershed as the natural
infiltration-to-baseflow process is interrupted by increasing
impervious surfaces (Chang. 2007). Local assessment of
urban runoff management variables provides further
insight into the landscape/oxygen demand relationship in
this basin.

Connectivity. in reference to urban runolf pathwavs,
describes the direct linkages of impermeable surfaces to
receiving waters. typically via stormwater conveyance
structures. Hatl et al. (2004), in a study of fifteen streams
near Melbourne. Australia, found that ammonium corre-
lated strongly (+*=0.71) to drainage connection. They
cited connectivity as a more sensitive indicator than total

impervious surface area for water qualily constituent
concenlrations (e.g. nutrients, suspended solids, dissolved
organic carbon). The Rock Creek results do not support
this finding. In the Rock Creek data, NH.-N values are not
correlated to any of the connectivity indicators (storm-
waler line density. distance to road crossing, distance to
stormwalter line outfall. EIA), demonstraling a complex
relationship that is not adequately captured by simple road
connectivity measures. With increasing population density,
stormwater management facilities may not be adequately
mitigating the delivery of oxygen demanding materials to
surface waters, The strong positive correlation between
stormwater management infrastructure variables and wel
season median COD concentrations suggest that popula-
tion density as reflected by the number of stormwater
infrastructures in general is driving COD trends.
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Table 3

h
=3
~]

Spearman’s correlation resulls between urban runofl management variables and seasonul median oxygen demand data for 2000

Mean slope  Road Storm line Storm Storm retention  Storm Distunce Lo L1A
density densily strieture strure density outfall Road
density density crossing
Dry TKN P —0.694
p-value 0,018
N 11
NHyN  p 0679
p-valug 0.022
N 11
Wet CoD I 0.819 0.654 (LB05 NI
pvilue 0.001%* 0.021" 0.002* 0.003™
N {2 12 12 12
TKN i 0.579
p-value 0.04%
N 12
NH:-N  p 0.641
p-value 0.025
N 12

FIndicates the cutoll p-value using the false discovery rate z = 0,03,

Finally, local topography exhibits negative correlations
with dry secason TKN data and wet season NH4-N data
(Table 3). This result supports the findings of Snyder et al.
(2003), which indicate that steeper slopes in urban areas of
a West Virginia watershed had more influence over stream
health indices. In the present study. steeper local watershed
gradients are primarily associated with the Bronson Creck
at Saltzman Road site. where forest cover dominates the
landscape. Previous discussion described the variability
found in the relationship between forest cover and oxygen
demand in the Rock Creek basin. Further analysis is
required to adequately explain the influence of slope at the
local seale over oxygen demand.

5. Conclusions

Trend analysis results indicate that DO conditions in
streams arc improving throughout the Rock Creek basin
with multiple sites reporting increases in DO (%sat)
(0.513-3.314%/yr) and decreases in COD (—0.442 to
~1.290mg/L/yr), TKN (—0.005 to —0.036 mg/L/yr). and
NH -N (-0.001 mg/L/yr). In order to explore potential
linkages between land cover change and water quality
trends in the Rock Creek basin, a land cover change
assesament wags completed at the sub-basin. stream buffer,
local basin (300 and 1000m drainage basins), and local
basin buffer scales based on visual interprclillion of aerial
imagery from 1994 and 2000. Significant (p<0.001) land
gover change over this time period occurred in agricultural
land cover ( —89% for the entire basin) and residential land
cover (+ 10% for the entire basin), Correlation analysis
established numerous statistically significant relationships
hetween seasonally disaggregated median oxygen demand

variables and land cover classifications for the mid-1990s—
2000. These results suppert the importance of scale in
identifying land cover/water quality relationships. Forest
cover was found to influence the mitigation of COD levels
for surface waters at the full basin scale and full basin
stream bulffer scale. Local scale basin and near-stream
buffer area analysis indicated that residential land cover
positively influenced stream DO (%sat) values during the
mid-1990s. This relationship was nol present in the 2000
data. Near-stream forest cover correlated positively with
dry season NHa-N values for the mid-1990s and wet season
NH;-N values for 2000. Hence. while full basin forest cover
mitigates the delivery of carbonaceous oxygen demanding
materials to streams. local influences control the relation-
ship between forest cover and nitrogenous variables.

The suggestion that local mechanisms are important in
determining oxygen demand conditions {or Rock Creek
and its tributaries encouraged a more detailed analysis of
urban runoff management variables and seasonally dis-
aggregated oxygen demand data for 2000. Contrary to
trends in improving oxyveen demand characteristics [or
Rock Creek streams, urban runoff management variables
correlated positively with COD during the wet season.
Connectivity metrics as well as EIA did not produce
significant correlations with oxygen demand variables.
Results from this study demonstrate that watershed
management must account for mechanisms that influence
oxygen demand at varying scales.

Rock Creek basin streams were de-listed for DO and
temperature on the 2002 Oregon 303d list. While removal
criteria are based on the maintenance of critical thresholds
and not long-term trends, trend results [rom this study
support the de-listing of these streams (Oregon Department
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of Eavironmental Quality., 2005). The question rémains.

however. whether trends will continue to approach their

physical maxima or minima (Le. physical limits for these
oxygen parameters) or whether trends in oxygen demand
Variables will reverse as development pressures overwhelm
the buill and natural mechanisms for oxygen demand
mitigation. This study provides a basis from which 1o more
accuralely examine and manage the complex mechanisms
that drive oxygen demand in urbanizing streanis.
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Appendix 1
Data sources and resolution for spatial data sets used in

land cover change analysis and local urban land cover.
urban runoll management analysis,

Datu type Source Resolution

Digital LUSGS Seamless Nutional elevation
elevation model data set 10m
Aerial Liniversity ol " = 2000 Photos

photography 9 Oregon Map & scanned al 600 dpi
July 1994 Aerial Photography
Library: Northern

Lights Project

Aerial LISGS Seamless Digital
photography Orthoimagery
2000 Quarter Quadrangle

I'm
Metro Regional Nutional Wetlands
Land Information  Inventory with local
System (RLIS) 2003 revisions carried out
by Tri-county
sovernment
agencies:
40 [t positional
HCCUTACY

Wetland data
sel 1998

Stream route  Metro Regional Stream lines derived

shupelile Land Information  from a variety ol
System (RLIS) 2005 sources,

Watershed Meiro Regronal 6ih held HLICs

boundary Land Information

shapefiles System (RLIS) 2005

Stormwaler Clean Water Wichington County

munagement  Services 2004 stormwalcer structure

syslem and drainage line

shapefiles databuse.

Appendix 2

Land cover classifications used in aeriul photo inter-
pretation. Land cover classes are based upon modified
Anderson Level 11 land cover classes (Anderson et ul.,
1976).

Land cover
classilication

Description

Land surface that shows evidence of
obvious cultivation through paralle] lines
in field surfaces (c.g. crop rows)
imcluding vineyards and orchards.
Includes buildings on agricultural land
(barns. farmhouses, cle.)

Open canopy. not cultivated. but shows
signs ol use. Includes parks. plaving
fields, goll courses. ete. Also includes
apparently unused land. construction
areas and logged areas,

Roads lour lanes or wider. or divided.
Includes medians and associated open
space (e.g. within cloverleals)
Residential neighborhoods. including
streets. medians. and schools.

Large buildings thut are obviously
commercial i nature. Apartment
buildings and schools are excluded. as
they gencrally appear in residential
neighborhoods. Includes parking lots
and minor open spaces between
buildings.

Closed canopy that is more extensive
than neighborhood trees. Includes elosed
canopy over parks and stream channels,
Lakes. ponds. stock ponds,

Agriculture

Open

Major roads

Residentiul

Commercial

Foresl

Open water
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Land cover changes lor {2 monitoring sites at the full basin.
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[000 m basin. and 300 m basin, and respective 100 m bufler

1990)s 2000
Agri Com Torst Road Watr Wet Open Res Agri Com Forst Road Watr Wet Open Res
Full basin
BroSalt 92 00 725 0O 0.0 0.0 12.0 6.3 4.0 0.0 6850 00 0.0 0.0 17.2 107
BranWU 30.8 02 472 DO 0.1 0.6 11.3 9.7 147 06 446 00 0.0 06 173 222
BrmBP 274 03 39.0 0.6 (.1 .6 116 194 126 07 370 0.7 0.0 1.6 159 316
Bronson 248 L3 353 1.3 0.1 1.9 140 21.3 114 35 336 1.6 0.0 1.9 153 3235
Bvinl 70 1.9 11.7 181 22 0.0 1.3 121 §lé6 15 114 168 27 0.0 1.2 88 578
BvinCP 6.0 9.8 18I 1.9 0.0 1.3 135 488 31 104 16.1 24 0.0 1.2 11.3 3554
DawAir 44.1 6.0 35 4.7 0.3 0.0 314 100 149 196 22 34 0.3 0.0 322 225
Dawson 373 7.1 65 73 0.2 0.8 284 124 1530 17.1 48 37 0.2 0.8 33.5 250
Cedarmill 3.7 6.0 304 2.5 0.1 0.7 123 443 26 6b6 215 29 0.1 %7 95 36
Johnson 24 0.6 295 06 0.0 20 164 485 27 09 227 08 0.0 20 7.6 633
Quatama 374 .5 352 0.6 0.1 1.0 174 69 304 36 373 07 0.1 1.O 149 119
RCHwys 195 64 228 1.6 0.0 1.1 158 327 134 83 225 1.6 0.0 1O 142 39.0
[000m Basin
BrnSalt 1.5 0.0 692 0.0 0.0 0.0 11.3 78 40 0.0 661 0.0 0.0 0.0 187 11.3
BrnWU 444 0.0 25 0.0 0.7 1.0 155 360 0.0 L3 65 02 0.0 1.0 176 732
BrnBP 17.3 0.8 1.8 5.4 0.0 6.0 149 3539 47 16 26 56 0.0 6.0 11.2 683
Bronson 0.0 95 00 3R 0.3 45 369 449 0.0 311 1.3 6.5 0.3 45 7.5 488
Bvinl 70 0.0 144 455 0.0 0.0 114 11,5 173 0.0 133 485 0.1 0.0 ) R T o) Y 1
BvtnCP 179 0.0 94 0.0 0.0 0.0 249 478 147 00 83 0.0 0.0 0.0 294 475
DawAir 356 58 67 27 (.8 0.0 39.6 88 199 121 3.7 0.0 0.3 0.0 347 290
Dawson 263 8.6 18T 1.3 0.0 Lg 122 318 145 122 120 14 0.0 1.9 222 338
Cedarmill 0.0 231 104 14 0.1 22 380 247 03 334 116 3.1 0.0 2.2 197 L6
Johnson 0.0 03 169 25 0.0 39 52 712 00 L1 157 27 0.0 3, 46 719
Quatama 33,0 1.7 21.5 0.0 0.0 0.0 33.1 10.7 20,9 10, 1.5 0.0 0.0 0.0 388 I88
RCHwyR 55 128 196 38 0.0 6.6 3835 133 1.1 185 143 0.0 0.0 6.3 37.5 223
300 m Basin
BrnSalt 14.5 0.0 70,0 0.0 0.0 0.0 139 1.6 65 0.0 648 0.0 0.0 0.0 259 2.7
BrnWl! 463 0.0 42 0.0 0.8 29 224 234 00 00 119 05 0.0 29 245 602
BrnBP Iy 1.2 1.6 8.7 0.0 47 19.6 464 76 2.6 3.5 90 0.0 48 110 614
Bronson 0.0 93 0.0 3.3 0.0 4.7 356 469 0.0 28.0 1.3 5.7 0.0 47 49 553
Bvinl 70 0.0 251 392 0.0 0.0 7.0 208 0.0 00 11.7 432 0.2 0.0 77 895 278
BvtnCP 153 00 357 00 0.0 26.6 524 0.0 13.0 00 7.0 0.0 0.0 0.0 349 451
DawAir 624 0.0 10.6 4.6 2.2 0.0 180 22 283 172 9.5 0.0 1.0 0.0 34.4 9.6
Dawson 155 0.1 17,1 00 0.0 1.1 130 332 30 33 124 0.0 0.0 1.1 21.6 387
Cedarmull 0.0 264 99 1.1 0.0 1.9 39.0 21.7 04 404 98 34 0.0 1.9 19.2 248
Johnson 0.0 04 165 3.0 0.0 1:8 22 el 00 07 154 32 0.0 I8 L2 77
Quatama 0.0 G0 294 0.0 0.0 0.0 37.0 336 0.0 30 167 0.0 (0.0 0.0 378 425
RCHwy8 30 212 180 64 (0.0 363 83 0.0 0.0 224 192 00 0.0 6.7 298 219
Full rip
BrnSalt 62 0.0 837 0.0 0.0 0.0 7.2 29 32 0.0 837 0.0 (.0 0.0 K83 4.8
BRrnWlL! 236 0O 592 0.0 0.1 1.6 11.4 38 97 00 597 0J 0.0 1.6 17.8 11.2
BrnBP 20,7 0.0 513 04 0.1 3 13 9.0 84 00 520 0.5 0.0 53 180 157
RBronson 192 0.3 474 1.0 0.2 6.5 15.6 99 78 0.2 482 14 0.0 6.5 1806 172
Byvin!70 L2 93 245 |8 0.0 36 138 458 08 93 237 22 0.0 24 105 500
BvinCP 48 7.6 2435 1.8 0.0 39 159 414 20 83 241 22 0.0 3.7 144 453
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DawAIr 40.7 2.8 6.7 6.0 1.1 0.0 349
Dawson 37.1 2.3 132 5.1 0.8 28 316
Cedarnmull 28 35 415 09 02 2.1 141
Johnson 0.7 04 309 0.7 0.1 4.6 140
Quatama 276 03 451 0.2 0.2 2.7 184
RCHwy§ 144 43 31.2 1.2 0.0 32 176
1000m Rip
BroSalt 79 0.0 81.7 0.0 0.0 0.0 10.1
BrmWU 4.6 0.0 87 0.0 1.8 4.1 240
BrnBP 6.6 0.3 Pl 4.9 0.0 305 299
Bronson 0.0 24 00 6.3 0.9 20.2 448
Bvinl70 0.0 2.6 514 00 0.0 32.7 63
BvinCP 1.0 0.0 21.0 0.0 0.0 0.0 413
DawAir 26,0 38 116 3.0 257 e 327
Dawsan 176 0.0 372 04 0.0 6.2 3.6
Cedarmull 0.0 148 7.0 0.0 0.3 6.7 604
Johnson DB 0.0 25 32 0.0 127 4.0
Quatama 52 0.7 322 0.0 (0.0 (0.0 51.0
RCHwy8 6.5 0.1 416 1.4 0.0 30 2397
S00m rip
BrnSalt LI.7 0.0 759 0.0 (0.0 0.0 12.0
BrnW LI 428 0.0 92 0.0 1.2 79 362
BrnBP 7.0 0.5 79 7.9 0.0 L& 433
Bronson 0.0 1.3 00 1.6 0.0 234 469
Bvtn |70 0.0 0.0 700 0.0 0.0 26.7 0.0
BvinCP 0.0 0.0 156 00 0.0 (0.0 459
DawAir 230 0.0 244 54 0.7 0.0 40.3
Dawson 6.0 0.0 360 0.0 0.0 2.7 45
Cedar mill 0.0 9.6 54 0.0 0.0 5.6 635
Johnson 0.0 0.0 148 352 0.0 7.0 4.1

355 DD 0.0 0.0 28.9

o

Quatama 0.0 0.0

1.7 1726 67 55 43 N.9 DO 492 159
.2 152 53 118 335 0.0 28 436 17.3
351 1.9 41 347 12 0.2 2.1 113 445
27 05 07 317 1.0 (.0 d6 S0 363
56 213 1.3 471 04 0.3 27 174 93
279 91 352 319 14 0.0 31 174 319
03 41 00 826 0.0 0.0 0.0 112 2.0
67 O 00 231 0.7 0.0 4.1 337 364
208 L0 02 1.1 49 0.0 30.5 21.0 31.2
254 0.0 L1 33 9] 0.4 202 241 410
7.0 00 1.9 3567 0.0 0.0 31.9 38 3.0
367 0.0 0.0 215 0.0 0.0 0.0 43.6 3409
0.1 183 27 80 0.0 1.6 0.0 390 104
349 1.3 0.0 302 03 0.0 6.2 135 383
10.9 0.0 37.0 109 22 00 6.6 323 110
595 00 06 183 40 00 127 18 026
109 1.1 14 216 00 00 0.0 555 203
78 1.9 0.0 309 00 0.0 27 502 144
05 39 00 761 00 00 0.0 1351 2.9
26 0.0 00 254 14 00 7.8 280 374
319 1.7 03 155 80 0.0 244 218 284
268 00 0.0 63 40 00 235 129 534
34 00 0.0 734 00 0.0 259 00 07
386 00 00 185 00 00 0.0 502 31.3
0.1 1.2 03 199 00 3.0 0.0 550 106
509 06 0.0 286 0.0 00 27 142 339
139 00 4921 20 32 0.0 5.6 270 20.1
69.0 0.0 1.0 150 64 00 6.9 10 698
3.6 00 0.0 401 0.0 00 0.0 260 339

Apri = Agricullure: Com = Commercial: Forst = Forest; Water = Water: Wel = Wetland: Res = Residential.
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Abstract

Woadchip corrals are inereasingly used as cost effective means of over-wintering livestock in temperate remons bul there is little
informition on their potential environmental impact. Four woodehip corrals ol varving characteristics were instrumented to cuplure and
quantify the fows reaching the base. where pollutant fuxes may move cither vertically (o groundwater, or laterally to a water course.
Samples for chemical anualysis were collected daily by auto-sampler. Sumples for bacterial analysis were aseptically hand-sampled.
sSampling frequency was increased durmg high How events and sampling was conducted over a 12-month period, Microbiological
sumples were analysed (or total coliform (TC). presumptive Excherichia cofi (EC) and intestinal enterococei (1F). Leachate was also
analysed for total phosphorus. phosphate. total nitrogen. ammonium. total oxidised nitrogen, nitrite und nitrate. Each corenl had o
recording rain gauge sited within [m of the corral surface. Mean total nitrogen concentration in leachate was 3395 mel ', ol which
ammaeniacil-N comprised approximately 37%. Mean total phosphorus concentration was 94,7 mel ' Geometric mean concentrations
of TC, EC and IE were 95461, 94983 and 55.352cfu 100 ml . respectively. Significant Nows of leachite occurred ul the base of the
corrals on most days during the |-year sampling period and fow rite increased with stocking density. Strong positive linear relatiomships
were found between the concentrations ol the nutrient purametery and discharge. Strong positive curvilinear relations were found
between laecal indicator concentrations and discharge. Different relationshipy were observed in the stocked and unstocked corrals, The
resulting fluxes are sulficient to give concern and to indicate that corral development is worthy of regulatory atiention.

2007 Elsevier Lid. All rights reserved.

Kepwords: Woodchip eorvals: Elfluent; Nitrogen: Phosphorus: Calilorm: £ cofi; Lnterocoee: Seasonalivy:, Concentration: Fluxes

New Zealand and appears to have spread rapidly o
Scotland and Ireland and more slowly to England. The
wellare and environmental benefits are said o include a
drier softer surface for the beasts, fewer of the respiratory
problems. associated with enclosed housing, reduced soil

1. Introduction

Woodchip corrals provide a means ol over-wintering
cattle and other livestock outdoors. Woodchip corrals.
having low capital and operational costs. are regarded as

cost elfective option in Scotland and England and may
offer animal wellare and environmental benefits, The
Scottish Agricultural College sugegested in 2000 that the
capital cost was £70-£90 per cow with an annual upkeep
ol £5-£10. significantly lower than the cost of housing
ind mucking out. The use of woodchip corrals started in

"Corresponding author, Tel: +44 1133433344,
E=patid defefrosyes, atmedonaldie leeds.acuk (AT MeDonuld),
davewrerchkav demon couk (D, Ky,

(301-4797/5 - see front malter « 2007 Elsevier Lid. All rights reserved.
dar 10016y jenvman. 200704 (29

poaching. with a consequent improvement in the availability
ol spring grazing, and potential within corral ‘treatment’ of
organic wastes. There is no robust scientific evidence 10
support or refute these suggestions, particularly those
relating to within corral treatment of wastes. Guidance to
the farming community is predominantly found on web
sites and 1n trade journals (Fdwards et al.. 2003). These
have generally  advocated  wop-soil  removal  prior
corral construction. However. there is no accepted tbest
practice” and evidence-based scientific advice on appropriate
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construction to minimise environmental impact is lacking.
Although there is no definitive information on the number
of Corrals in the UK, the number in Scotland is commonly
thought to be al least S00-600. The Scottish Agricultural
Pollution Group (SEPA. 2003) quoted the number as over
400 in 2002, a time at which numbers were likely to be
expanding rapidly as corrals were being extensively
publicised and the numbers in England and Wales are
thought to be similar. Thus. with perhaps 1000 such sites in
the UK, the information deficit relating to their efficacy
and environmental performance requires to be addressed.

In the United Kingdom, corrals are usually stocked from
November to April, although this varies with weather
conditions and business priorities and some corrals are
used as a holding site for livestock over the summer period.
Constructed corralg exhibit great diversity in terms ol area,
stocking density. boundary construction, woodchip depth,
size and nature of woodchips. drainage. maintenance and
life eycle. However, there is no systematic data acquisition
to facilitate quantification of this diversity in existing
systems.

2. Materials and methods

This study examined four sites in livestock rearing areas
ol Scotland. The sites were paired for logistic purpeses but
are not a paired design in the sense of a longitudinal study
involving an experimental and a matched control site.
Rather. the sites were selected with the involvement of
stakeholders to be breadly representative of corrals in
Scotland. One pair was sited in north-east Scotland (NEI
and NE2) with a second pair in south west Scotland (SW1
and SW2) which provided a comparison of a higher rainfall
maritime western margin climate with a dryer eastern
climatic zone,

In three of the four sites, the following site instrumenta-
tion protoce! was employed as illustrated in Fig. 1. An area
of woodchip was cleared to the base of the corral. A timber
[rame, adapted to the micro-topography ol each site. was
used to define the sample area and a multi-layer imperme-
able geomembrane was attached to the frame for leachate
collection, This was sited in a representative area of the
corral and recovered with the original woodchip to the
same depth as the rest of the corral surface. The leachate
was piped to locked weatherproof instrumentation station
where flow was measured by tipping buckets fitted with
transducers linked to a data logger. Flow entered a
collector where discrete samples were taken by ISCO
autosamplers sampling at preset intervals. Temperature
was continuously recorded. Rainfall was recorded by
tipping bucket rain gauge sited within 10m of each corral.

This sample-capture protocol was employed at sites
SW2, NE! and NE2. The approach has the advantage of
precise measurement of the capture area for the sampling
but also disturbs any established stratification in the matrix
and. hence potentially disrupts biologically aclive ‘treat-
ment” of leachate moving down through the woodchips.

Sampled arga

Instrument pod
Tipping l
bucket

Temperature
and flow logaing

/ X}

’ pler

Waste

Fig. 1. Schemutic of the sampling system employed.

This pessibility is not encountered at site SW2 which was a
new corral constructed with installed instrumentation. At
site SW1, a “non-disturbance” prolocol was adopted with
the leachate captured at the edge of the corral where it
Aowed downslope along the regolith beneath the cleared
50il to a convenient collection location. Clearly, at this site.
the “contributing area “is ill-defined and, thus, discharge per
unit area cannot be assessed with the same confidence.
However leachate quality which is characteristic of an
undisturbed matrix is of interest to the regulalory
community and differences between the flows from the
disturbed and undisturbed sites will be valuable in the
development of our understanding of corral maturation
processes.

The following data were recorded: (i) rainfall and
outflow volume, (ii) nutrient status (by automated sam-
pling every 24 h), (ii1) faecal indicator organism concentra-
tions (by hand sampling every 2 weeks) and. finally, (iv)
‘event” sampling to capture high rainfall conditions at
hourly intervals for chemistry and faecal indicators.

Samples for bacteriological analysis were collected
aseptically using 150 ml sterile plastic containers (Media
DisposablesTM). Samples were stored In cool boxes
containing ice packs, and subsequently transported [rom
field sites to the CREH laboratory. On receipt. samples
were refrigerated at 2-8 "C in the dark and analysed within
24 h of field collection. Samples were analysed lor faccal
indicator organisms (F10s) following standard UK meth-
ods (SCA. 2000, 2002). One sample [rom cdach run was
analysed in duplicate to provide a quality control for cach
enumeration method.

Chemical analyses were conducted as detailed in Table 1.
Full quality control procedures were employed including
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replicate analyses and blanks. All analyses. except pH. were
undertaken on settled but unfiltered samples. The sched-
uled daily sampling was achieved using autosamplers.
Some sample decay and transformation inevitably occurs
in such systems. Sample decay rates were determined and
averaged approximately 0.5% loss in ammoniacal nitrogen
(NH; N) per day. This analysis and full details of the
corral characteristics are reported in CREH (2005). The
sample periods and numbers of samples acquired from

each field site are given in Table 2.

3. Results

The results are presented for the two key periods of the
year, those when cattle were on the test corrals in winter

and those when

cattle were not present in the summer

Table |

Chemical anulysis methods

Chemical Method

pH Measured directly vsing a Hanna HI 9024 pH meter

Total nitrogen

Dissolved organic

ciarhon

Total phosphorus

Nutrient analysis

Nitrale plus nitrite

Nitrite

Ammonium

Thermal combustion with chemiluminescence
detection
Thermal combustion with IR detection

Digested using Rowland and Haygarth's acid
persulphale method as described in Rowland and
Haygarth (1997). Analysed colorimetrically using o
Skalar SAN " " Analyser with the modified Murphy
and Riley method

(Nitrate, nitrite, phosphate. ammonium): analysed
using  Skalar SAN" " Analyser. See below for
more details

Measured colorimetrically as nitrite (NAD-coupled
diazotized sulphamlamide) following hydrazine
reduction

Meusured colorimetrically as NAD-coupled
diazotized sulphanilamide. ullowing the
determination ol nitrate by subtraction

Measured colorimetrically using the modified
Berthelot (indophenol) reaction as described in
Seurle (1984)

Phosphate Measured colorimetrically with the modified
Murphy and Riley (1962} as Molybdate Reactive
Phosphorus (MRP)

Table 2

Sampling site characteristics. dates, periods and numbers

period. While these periods are broadly the same across the
industry and the region. the specific dates of usage of the
corrals are controlled by individual farmers. Here, the four
corrals are managed by three dilferent farmers. Table 2
indicates the dates of corral occupancy which was broadly
[rom November to April. Table 3 gives summary informa-
tion for nutrient concentrations during the ‘cattle-on” and
‘cattle-off” periods, Table 4 gives summary information for
F10 during the *cattle-on™ and “cattle-off” periods.

Since there are (wo management periods in corral
operation. the period when livestock are present on the
corral and the period when they are absent which coincide
with winter and summer. respectively, the periods are
characterised by differences in waler balance as well as
differences in input loading. Flow from sites SW1, SW2
and NEI are significantly reduced in the summer calttle off
periods to 25-75% of the winter flow values per unit of
corral surface. The much more lightly stocked NE2 had
significantly lower winter flows which reduced by a more
modest 20% in the summer cattle-ofl period. However the
good condition of the surface of this latter corral may have
encouraged the retention of cattle-on the corral for a
further month making direct comparisons more complex.

The "cattle-off” period shows generally lower values for
all determinants. Fig. 2 shows the dissolved organic carbon
concentrations observed in SW2 outflow leachate during
the entire sampling period. This is typical of the individual
data runs for many of the chemical and microbiological
parameters summarised in Tables 3-6. The higher, ‘cattle-
on’, values, typically two to three times the ‘cattle-off”
values, suggest that the winter period will be the time of
highest risk to water quality, particularly in relation to
nitrogen flux. For example. total nitrogen concentration at
site SW1 averaged 584.7mgl™' during ‘cattle-on’ condi-
tions and 263.3mg |~ during *cattle-of” conditions. This is
an established corral sampled with a no disturbance
approach, Disturbance in sampling or immaturity of the
corral cannot be an explanation of the high values found.
Ammoniacal nitrogen in SW2 (a new build corral sampled
in the first season of operation with no sampling
disturbance as the monitoring system was built in with
the corral) averaged 234.0mgl~" and 94.9mg1 ™" in ‘cattle-
on’ and ‘cattle-off” conditions. respectively.

SWH

SW2 NEI NE2

First FI10 sample
First nutrient sample
Sumpling end date

2 Noy 2003
21 Noy 2003
29 Sep 2004

Nulrient sample 384
FI1O sample [ 70
Cuattle-on Noy 2004
Cuttle-ofT Apnl 2004
Stocking density head per 1000 m” 115
Woadchip depth (m) 0.6

1§ Dec 2003
01 Dec 2003
29 Sep 2004

2 Noy 2003
14 Dec 2003
29 Sep 2004

1§ Dee 2003
01 Dec 2003
20 Sep 2004

401 326 3ns

138 11 111

Nov 2004 Now 2004 Dee 2004
April 2004 April 2004 May 2004
L3 03 43

0.6 0Y 0.3
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Tuble 2

Summary ol chemical parameters (concentrations and fuxes) and Sows from fowr woodehip corrals in 2004-2006: sample numbers and sampling penods

are the same as given in Table 2

SWi SW2 NE] NE2

Corral and sample atiribules Total surfuce arey of corral () 1282 1300 1846 70
Sampled area ol corral (m~) 200 23 11.61 13,53
Catlle-on period low characteristics Averaged pipe outflow (period) (Th ) 3993 4.71 248 (G0
Averaged low per m- ol cortal (1R 'm = .24 (.20 .21 .05

Tatal corval Row (1h 26347 30441 (R
Cutlle-on period nutrient concentrations Total nitrogen (mal™") 5325 2136 ERUN
Ammonium N (mgl 2340 Tl BT
TON  Nmgl ) 13 14 1.7
Nitrite N (mal™' 2] .4 (1S
l'otal phosphorus — P (mgl™') 89,1 7RG T3
Phosphute - P mzl™ ") 525 7.1 36.0
DOC (mgl ') i815.0 15784 25504
pH 17 T T8 7.9
Cuttle-on pertod nutrient load per unil area Total nitrogen (mgh ™' m™) [147 Uh 257 [0
Ammoniwm - N (mgh'm) 75.6 35,3 9.3 4.3
TON  Nmeh 'm ° 0.47 1.87 (.39 {1.06
Nitrite - N fmgh'mi™’ 1145 (148 .05 .03
Totidl phosphorus — P (megh 'm ) 2003 187 37 23
Phospluite - P {mgh- b e) 12.8 13.2 28 1.5
DOC (mgh 'm 7 U6 8375 179.2 94.2
Cuttle-ofl pertod How chiracteristics Averaged pipe outllow (periad) (1h ) 5315 Wl .37 0.56
Averaged flow per m™ ol corral (1h "'m 7y 015 0,13 0.08 004
Total corral ow (11 196,34 | 75,03 9133 | 3.9
Cattle-oft period nutrient concentrations Total nitrogen (mgl 263.3 I77.5 IR42 99.2
Ammonium - N (mzl ) 194.4 949 4.64 23.3
TON -~ N (mgl "y (0.2 5.5 4.0 2.1
Nilrite — N 1mgl_'1 4.4 2l (1.3 0.7
Totul phosphorus - :mgl"r 62.4 853 90.2 B ER]
Phosphite - P (mgl™") SET 44,2 6.0 65.4
DOC (mgl Ry 1987.0 17599 LB 13005.5
pH 8.0 8.0 8.3 5.0
Cattle-ofl periad nutrient load per unit area Total nitrogen (megh 'm ) 19.78 11.75 254 [.70
Ammoniom - N {mgh~ "m™ 13,14 4.33 L33 (.25
TON - N (mgh™'m— | .66 1.25 0.25 009
Nitrite — N (mgh™'m™) 014 010 0.2 0.03
Total phosphorus - P (megh 'm ) 10.97 3.50) 346 2.85
Phosphate P (mgh 'm =) 9.76 464 2.8k 2:39
DOC (mgh 'm ) 1634 168.8 46,4 350

However. the ‘cattle-off” period is also typificd by
substantial leachate concentrations ol total nitrogen,
ammoniacal nitrogen. total phosphorus and phosphate
despite the changed water balaneg and mputl regimes. For

example. NEI in the “cattle-ofl" period had mean values of

3Bdmg | J 4.64mg =1, 90.2mg 1! and 69.0mgl™".
respectively for these determimants. Further, the ‘cattle-oll”

period does not appear o show a steady decline in any of

the cases but. rather, a diserete change to a new state. This
sigeests that options such as a longer cattle-off period are
not likely to reduce these flows to an acceptable level. Fig. 2
shows throughout the ‘cattle-ofl” period. no change in the
leachate concentration which ranged between 1000 and
2000 mg DOC 1!,

The relationships between concentrations and tlow
reveal a slight dilution effect that occurs in both the

‘caltle-on™ and “cattle-off” perieds. This is illustrated in
Fig. 3 lor total mitrogen. At higher flows. generally lower
concentrations of total nitrogen are observed. Al lower
flows. the concentrations expericnced arce highly variable
but include a significant number ol higher values. The
dilution etfect is more pronounced in the “cattle-off™ period
During the ‘cattle-on” period the concentration of total
nitrogen at higher flows is an order ol magnitude greater
than those observed at high flow in the “catde-off” period.
However. at all times and under all flow conditions. high
concentrations reach the corral base and are evident i (he
measured leachate.

Since flow driven responses are frequently important in
water quality studies. Tahbles 3 provide geometric means for
FIO samples split into “cattle-on™ and ‘cattle-off” periods
under both low and high flow conditions. Concenlration
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Table 4
Summary FIO expressed as log |, geometric mean concentrations
SW1 Sw2 NEI NE2

Cattle-an period taecal indicator organism concentrations Total coliforms, TC (cfu 100ml ") 343835 s.e060 48337 6.3370
Escherichin coli, EC (cfu 100mi™") 5.2115 SA4406 44002 6.4538
Intestinal enterococei, 1E (efu 100 ml ') 5.2529 5.5562 5.3937 6.95821

Cattle-on penod faecal indicator organism load per unit area Total coliforms, TC (¢fuh 'm ) SBI38 36509 50416 6.1342
Escherichio coli, BC (efuh " m™) 55834 55831 4,7933 6.0258
Intestinal enterococel. 1E (cfuh™' 'm™) 3.3370 3.6894 55372 6G.3058

Cattle-off penod laecal indicator organism concentrations Total coliforms, TC (cfu 100ml™") ~ 42752 41072 40783 45774
Lscherichia coli, EC (cfu 100 ml™") 38192 39169 19774 4.3917
Intestinal enterococei. 1E (elu100mi™") 3.5160 3.9743 3.2686 4.9466

Cattle-off period laecal indicator organism load per unit area Total coliforms, TC (¢fuh™' m™) 4.1155 41113 4.2454 40896
Esclierichia coli, EC (¢fuh™' ' m™) 37280 4.0478 3.5481 3.9039
Intestinal enterococc, LE (cfuh 'm ) 3.4936 4.0329 34954 44588

8000 -
<~ 6000
4000 -

2000 4

DOC (mg

0

02-Nov-03  01-Feb-04 02-May-04 01-Aug-04 31-Oct-04

sample date

Fig. 2. Site SW2 all records — DOC chemograph.

data alone, however, will not characterise the environ-
mental loading of woodchip corral leachates escaping 1o
the wider environment and thus Table 6 reports fluxes of
FIO, again for flow conditions and management period.
Geometric means (i.e. the antilog of the arithmetic mean of
the log;, values derived from each FIO enumeration) are
the accepted and most statistically appropriate central
measure of central tendency for the right skewed distribu-
tions characteristic of FIO data acquired from environ-
mental aqueous matrices (Kay et al.. 2005, 2007). logy
transformation produces a probability density function
which more closely approximates to normality than the
raw data, i.e. generally, producing data more appropriate
for parametric statistical tests such as analysis of variance.
This is true of stream. marine and sewage effluent samples
(Kay ct al., in press: Stapleton et al., in this issue) which
have heen initially transformed to log,y values.

4. Discussion

Drenagh Sawmills has been one of the strongest industry
advocates of woodchip corrals. They provide (http://
www.drenagh.co.uk/indexc.htm) an analysis of waters
from a drain beneath a woodchip corral. No detail is
given on the nature of the corral, stocking conditions. the
time of sampling or the methods of analysis. Nevertheless it

is instructive Lo compare the analysis reported here with the
figures from Drenagh. They report nitrite. nitrate, ammo-
nium and phosphate as 3.4. 2. 250 and 130mgl™!
respectively. These values accord broadly with the values
reported in this study. Drenagh reports a COD of
4400mg! ° and estimates BOD to be 30-75% ol the
COD value. The current research has used DOC. which
equates broadly with ultimate BOD. and average DOC
ranged from 1578 to 4312mgl' across the four sites.
Again the outcomes are broadly comparable. Assuming
that a company supporting woodchip corrals would sample
from a well-run corral, the results support the view that the
sampled sites in this paper are indeed sites typical of
well-run operations and so the poor leachates cannot be
dismissed as the product of a poorly run operation. US Soil
Conservation Service reports the chemical characteristics
ol the waters from feedlot ponds as having 1.67% total
nitrogen the majority being ammonium. which 15 «a
similarly high but not readily comparable figure.

Environmental loading is better characterised by flux
than by concentration alone. Fig. 4 illustrates the relation-
ship between [lux and rate of flow again for site SW2. The
dilution effects observed in Fig, 3 do not reduce the flux at
high How which is increased due to the elevated discharge.
This positive relationship is seen in both the ‘cattle-on” and
‘cattle-off” seasons. Thus, in summer (i.e. ‘cattle-off) high
lows following rainfall events. high fluxes were observed
although these were lower than those observed under
similar flows in the ‘cattle-on’ condition. Since flux is the
product of volume and concentration values it is not
appropriate to display +* for these relationships.

Similar relationships were observed for all major
pollutants quantified in the study, both chemical and
microbiological parameters. To illustrate this, Figs, S and 6
present data for total coliforms f(or both management
periods and the flow control of flux is evident suggesting a
‘transport limited” rather than ‘supply limited™ export
process under the Scottish chmatic regime. Fig. 7
summarises data for the microbiological parameters and
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Table 3

FIO concentrations expressed as logj, geometric means for high and low flow conditions during the ‘cattle-on’ und “eattle-of” periods

Period Flow condition ‘Cattle-on’ SWi Sw2 NE1 NE2
Cattle-on High fow Total colitorms (TC) 34138 36319 5.4395 6.6102
Escheriviia coli (EC) 517249 5.5477 5.2414 65107
Intestinal enterococal (1E) 49181 5.4347 5.6723 70096
Sumples 45 47 32 13
Low How Tatal coliforms (TC) 55720 5.4003 4.4024 fH.5511
Exchierichia coli (EC) 5.3493 82711 4.2177 61821
Intestinal enterococat (1E) S.0011 5.3394 5.0798 6.9031
Samples 33 29 9 28
Cilttle-aft High flow Total coliforms (TC}) 5.4469 4.6626 34060 5.3245
Eseherichia coli (EC) 8814 4.2096 5.1926 S.1474
Intestinal enterococei (1E) 4.3813 42654 4.9837 3.0074
Samples 18 37 7 2|
Low Tow Total coliforms (TC) 3,5023 3.8073 3.2745 3.7273
Eseherichia coli (EC) 3.5482 3.7698 27760 3.3410
Intestinal enlerococei (1E) 3.0745 3.9597 24328 49258
Samples 3l 35 15 10

Sample numbers are given for each site under euch ol the [our tabulated conditions.

Table 6

FTO fluxes expressed as geomelric means (logpcfu h™"m™) and average outfiow (1h™ Y

periods during the ‘cattle-on” and ‘cattle-off” periods

X - -
) expressed per square meter of corral area for dry and wel

Period Flow Measured variable SWi SwW2 NEI NE2

Cattle-on” Low Toudl coliforms 3.553R 6.1258 4.5798 54301
Low Escherichia coli 53311 6.0311 4.3952 5.2611
Low Intestinal enterococe 4.9829 612355 32373 5.7821
Low Flow per m” (L1204 (1.6354 0.2467 00104
High Total coliforms 35,6932 7.0206 6.5880 6.8285
High Escherichia coli 5.4543 6.9364 6.35899 6,729
High Intestingl enterococed 5.1994 6.8234 6.8204 7.2279
High Flow per m’ 0.2475 2,712 1.9871 04412

Cattle-afl” Low Total colilorms 30164 4.1304 2:9919 2.2687
Low Excherichia coli 3.0623 4.1648 1.9876 | 8833
Low Intestinal enterococel 2 5886 4.2693 1.6499 34672
Low Flow per m" 0.0355 0.2387 (1.0169 000159
High Totul coliforms 6.1336 6.5172 68717 3304
High Escherichio coli 45681 6.1603 0.6583 6.1533
High Intestinal enterococel 5.0680 6.1204 f.4494 00133
High Flow. per m~ 0.6896 88147 3.3586 2.3550

reinforces the generic nature of the outcomes. Here, the
data are expressed as flux per unit area of corral.

It has been asserted that aging and maturation of corrals
may be required before the corral can function as an
effective water treatment medium and reduce the chemical
and microbiological load in the effluent. Site SWI, a
mature established corral, was instrumented using a non-
disturbance approach to preserve stratification and ‘ma-
turity”, Neither chemical nor microbiological parameters
from SW1, expressed as concentrations, fluxes or flux per
unit area, showed any improvement. Indeed. with the
modest exception of phosphorus during the cattle-off
period, SWI appears (o function less effectively than the
disturbed corrals. This adds some weight to the proposals

that, as part of the management regime. corrals need to be
aeraled by turning the surface during the summer period.

Corrals are alleged to ‘self-seal’ the implication being
that there is negligible flow to the subsoil and to ground
waters. The runofl volumes reported in this study suggest
that complete self sealing is unlikely to occur. The simple
mass balance of liquid under sell-sealing conditions would
have resulted in obvious, prolonged and substantial flow
from the corrals across the ground surface which was not
observed in any of the sites. The study has focussed only on
the liquid losses to the environment and has made no
measure of the gaseous pathway that will be a source of
further loss from the corral. In addition if corrals trap a
significant volume of water during heavy rainfall periods
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they may also be subject to liguefaction and muss move-
ments with consequent loss of solid material. Such events
were observed on two corrals but were not guantified.
Therefore the wignificant impacts represented by the
chemical and bacteria]l Quxes reported here are hkely to
be a major but not the total measure ol 1impacts.
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Propenents ol corrals suggest that the feed site should be
outside the corrals and that since the cattle will defecate
more while feeding. a sloping ramp that can be scraped
clean to a treatment pit should be installed. This
arrangement exists at site NEI and may explain the rather
better quality of the leachate m comparison to the more
ightly stocked NE2. However, since NE2 also has a
thinner woodchip cover this [actor might also pariially
explain the differences. The sloping ramp on NEI may,
however, also be responsible for the mass movement of
corral contents observed at that site.

5. Conclusions

The results clearly indicate that the four corrals
monitored i hoth the stocked and unstocked condition
do not “treat’ the nutrient or faecal indicator “inputs™ 10
produce outflows which are cnvironmentally benign.
Indeed. empirical data presented here suggests thut there
is high strength leachate leaving the base of all the corrals
throughout the year.

The ux of pollutants is controlled by fow rate and
adjusting the water balance may be the key lever in corral
management. For corrals i the environments studied.
there are three actions that could be considered, nanely:
(1) constructing an impermeable base membrane with liquid
capture. containment and treatment, (i) roofing of corrals,
and/or (1) hmiations on corral Hioe];}ng densily and
increased corral depth. Of these three options. only the first
provides certainty that effluents will not escape the corral
to the wider aquatic environment. However (he cost ol the
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log,, (geometric mean FIO fluxes (cfu hr"m‘zli for high and low flow during
the cattle on and cattle off periods.
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required effluent treatment will partially reduce  the
economic benefit sought through corrals which require no
cleaning or treatment in comparison (o tradittonal over-
wintering in sheds.

Some corrals on deep sandy soils. of the type reported in
Vinten et al. (20006). may be able to utilise the natural
hltration and purification capacity of the soil ecosystem Lo
reduce the bacterial Mux but such sites will remain a
relatively small proportion of the land area under pastoral
agriculture in northwest Europe. Further, such soils appear
(0 exercise little control on the passage of nitrate Lo
groundwiter. The recent milder winters in the UK may be
extending the period during which euttle may be grazed
outdoors. This will reduce the period during which cattle
are held on woodchip corrals and, with lower stocking,
may delay the onset of saturation thus reducing tflows to
the environmenl. The longer unstocked period may allow
corral recovery il allied te opening the corral surface
during the summer period. The problem here for the
regulitor is that the outcome is uncertain depending on
weather conditions which econtrol both the duration of
corral residence and the likelihood of saturation. The key
question is un cconomic one. however. Will corrals as an
alternative to sheds remain wviable i liguor has to be
captured and  treated or corral depth and  stocking
incredased and decreased. respectively?

I he future of corrals lies m holistic integrated manage-
ment and careful site selection. ADAS, 1 4 report to the
Environment Agency. identified several strategies that must
be implemented i corrals dare W be less polluting and

areanism fuxes (as loggeluh™
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for ull sites, Now condittons and management periods.

remain elfective agricultural management oplions. Corrals
need to be carefully designed from the outscl, should be on
sites that will dry out rapidly and should not be sited in
arcas of high water table. Compacted dung and woodchip
near the [eed areas needs to be removed each year and
composted in accordance with EA protocols (EA. 2007). A
high strength leachate should be expected al most siles.
This could be captured but may be treated through
integrated reed bed and managed wetland systems. The
corrals need to be treated m the contexl of a further
potential source of diffuse agricultural pollution (Scottish
Executive, 2003) and mitigated as other potential sources
(Kay et al.. 20035).
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Abstract

Two small piped sources deriving from a single farmyard together with the receiving second order stream above and below the
farmyard region were sampled over a two-year period. Although not measured directly, obscrvations al the time of sampling suggested
that maximun drain flow was about 2% of downstream base flow. Both point sources were flowing on each sampling oceasion (~62) and
usually had concentrations of phosphorus (P), nitrate (NO+—N) and biological oxygen demand (BOD) well above those [rom the
upstream site. Individual sample concentrations ranged over more than two orders ol magnitude for most determinants and & large
proportion of the total P was present as soluble (inorganic and organic) und therefore labile forms. More than 70% of samples collected
at the downstream site had coneentrations that were > 1.2 times those of the corresponding upstream site. On certain sampling oceasions
=80% ol total dissolved phosphorus (TDP) and =>90% of the BOD and NO; instantaneous load appeared to originate [rom the
farmyard region with the composition of downstream samples being completely overwhelmed after the passage through the farmyard,
Extrapolations using instantaneous loads sugges! that the farmyard and adjacent areas contributed on average 25-30% of the total and
dissolved annual downstream P load of 3 kg P ha “Vand 1.7 kg P ha™'. respectively. There was no clear relationship between the relative
proportion of the contaminant loading originating from the farmyard region and hydrological events. This emphasises the potentiul
localised significance that small, highly concentrated. continuous or semi-continuous farmyard sources can impact headwaler streams
during periods of low stream flow.

C) 2007 Elsevier Ltd. All rights reserved.

Keywerds: Phosphorus; Nitrate; BOD: Farmyard: Point source: Duiry washings: Headwater

septic systems (Hooda et al., 2000b), together with surface
runoff from areas of hardstanding (Hively et al., 2005) may
also contribute significantly. While these various sources

1. Introduction

The majority of agriculturally related contaminants that

are delivered to surface waters are often perceived to derive
from diffuse sources. This general assumption is evident
from a number of recent reviews and forms the underlying
hasis for the application and use of loss coefficients
(Hooda et al.. 2000a; Vanni et al., 2001; Woli et al., 2002;
Salvia-Castellvi et al.. 2005). Recent evidence suggests that
under certain circumstances, point sources, which include
piped flows from farmyards, silage effluents and domestic

*Cnrrespnnding author,
Ermail wdedresses: Ledwards25anbtinternet.com {A.C. Edwards),
nhoodakingstonac.uk (P.S. Hooda),

0301-4797/%-see front matter (0 2007 Elsevier Lid. All rights reserved.
dor 101016/ jenvman. 2007.02.013

contribute cumulatively to the total catchment export
loading there is also the possibility for impacts. including
increases in biochemical oxygen demand and decline in
benthic macroinvertebrate species, on receiving headwaters
(Hooda et al.. 2000b).

Farmyard areas present a number of potential transport
routes that include a combination of surface generated
runoff from areas of hardstanding and small point Lype
sources, Contrasts in the extent to which individual sources
rely upon precipitation events for their mobilisation and
delivery attributes changes the dominance of individual
transport pathways.
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The low permeability of hardstanding areas increases
their susceptibility and capacity for generating large
volumes of rapid runoff during storm events. The
continuous and direct delivery of point sources into
adjacent waterways during periods of low stream flow
implies that local water quality issues may well develop
(Nagumo ¢t al., 2004; Bowes ¢t al.., 2005). The greater
temporal and spatial heterogeneity of pollutant delivery Lo
surface waters is therefore increasingly being recognised.

Point sources are often associated with drains from farm
buildings which offer a range of potential pollutants that
include nutrients. labile organic matter and faecal patho-
gens. The relative composition can vary widely in relation
to farm enterprise and particular operational management
practices. The prevalence of surfaces having low perme-
ability coupled with renewable sources of contamination
makes farmyards a high potential risk category and the few
studies thal have quantified losses suggest that this is the
actual situation (Edwards et al., this 1ssue). Here we
describe the results ol regular sampling of two point source
discharges that arise from different parts of a farmyard
located on a dairy enterprise in SW Scotland. Comparison
of stream samples. collected above (upstream) and below
(downstream) of the farmyard and point sources. is also
used to provide an indication of the extent of local
pollution with respect to nutrients and labile organic
compounds (BOD).

2. Material and methods
2.1. Site characteristic

The Caddell catchment is located in Ayrshire. SW
Scotland, an intensive dairy farming region and lies in a
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subcatchment of the River Garnock. The major land usc is
maintained grassland with rough grazing in the upper
reaches. Swards are rotationally grazed by catile and also
cut for silage; they are grazed by sheep during the winter
months when cattle are housed. The mputs of fertilizer N
and P in this region varied between 200-300kg Nha 'y~
and 9-22kgPha'y~!, respectively (at
sampling), with re-seeded swards generally receiving the
largest rates of fertilizer N and P.

The boundary of the farm used for sampling represents
only a small part (30 ha) of the whole catchment (703 ha).
The farm buildings are situated within 20m of the stream
and slurry is spread on surrounding fields, some of which
are adjacent Lo the stream (Fig. 1). The farmyard covers an
area of about 200m”. A large slurry store is situated about
5m from the stream bank, and there was often evidence of
slurry residues on the hard floor around the store. This
area drains into an open drain that brings farmyard
washings, dirty water from the buildings and milk parlour
washings into the stream (point source 2; Fig. 1),

the time of

2.2. Collection of water samples

The water sampling programme involved taking periodic
grab samples from several well-defined locations, including
the main channel and two point sources of pollution
between the upstream and downstream stations. In the [irst
yvear (October 1993-September 1994). the siream was
sampled at three-weekly mtervals and weekly during the
second year (October 1994-September 1995). Point source
I (PS 1) drains an enclosed area used for call rearing while
the second point source (PS 2) has a mixed origin which
included washings from the milking/parlour area and
probably also receives contaminated flow from a slurry
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Fig, 1. Cellular diagram of the study catchment. with two pomnt-sourced (PS | and PS 2) inputs into the stream.
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tore wrea (Fig. 1), Sumples were collected during day time,
sften between 10 am and 2 pm. The drainage looked visibly
lirty/cloudy when sampled around [0 am compared to
amples collected at later times. The drainage from PS |
ind PS 2 was not metered. however, both discharged highly
ariable output. Observations made al the time of sampling
Nowed that combined (PS | and PS 2) estimated output
aried between approximately 0.5% and 2% of the river
sase How. Clearly there is o certain degree of uncertainty in
erms of dischiarge volumes from the point sources.
lowever. it 15 nol likely to intreduce noticeable errors in
winent load estimations, as this s a relatively small
raction even at the base Aow.,

Stream stage-heights were recorded using o pressure
ransducer and data logger (Campbell Scientific) at the
lownstream site. The How was estimated using a stage-
ieight and correlating this with a previously calculated
clationship between the stage-height and stream flow as
leseribed by Hooda et al. (1997). It is a second order
iaream with the flow varying from 2Ls™ " at base flow to
tbout 1000 Ls " at flood.

Daily rainlall data was obtained [rom a nearby weather
tation. and long-term annual raimfull average in the
satchment s 1700 mn,
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2.3 Analysis of water sampley

Water samples were liltered through 0.45um  RAllers
(Milli-pore HVLP) on the day of sampling, and both
filtered and unfiltered samples were refrigerated at <5 °C
prior to analysis. The liltered samples were analysed Tor
molybdate reuctive phosphate (MRP) by the ascorbie acid
method (Greenberz et al. 1992) within 24h of their
collection. The filtered and unfiltered water samples were
digested in concentrated H-SQy before being analysed lor
total P by inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The P concentration of acid-
digested unliltered water samples represents total phos-
phorus (TP} and that of filtered samples is total dissolved
phosphorus (TDP): particulate phosphorus (PP) was
assumed to be the difference between TP and TDP while
dissolved organic P (DOP) was assumed to be the
difference between TDP and MRP.

The filtered samples were unalvsed colorimetricilly
(Juckson. 1938) for nitrate within 240 of their collection.
Unliltered water sumples were tested for the 3-day
biochemical oxygen demand (BODs) (Anon. [988).

3. Results
3.1, Hyvdrological conditions

Rainfall measured for the sampling period from 20/10/93
to 30/9/95 was 3344 mm. The pattern ol daily rainfall
(Fig. 2) lollowed the general seasonal trend typical of the
region with a drier summer period and o wetter spring and
autumn, This pattern was evidenl in stream Oow which
varied over two orders of magnitude. In one extreme
precipitation event during the autumn of 1993, a daily
rainfall totalled = 100mm. A regular weekly (or longer)
stream sampling programme is generally biased towards
collection under low [low perods. Comparison ol flow
duration curves for the whole sampling period (Fig, 3a)
against the actual flow on the sampling days (Fig. 3b)
shows a similar general trend although the extreme evenl
where siream flows of over 1000 Ls™" oceurred for ~1% of
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Fioo 3 Flow duration curve of the downstrewn site over the samipling period (a) and on the setual day of sampling (bi. bused upon average duily flows
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Tahle 1
Range in composilion (mg L") of two pomnt sources (PS 1 and PS 2) sumpled periodically over a two-year period
TP PP TDP MRP DOP BGD NO-N
Number of samples 63 62 63 HR 62 16 ¥
PS5l
Average L2 0.62 (.32 .26 (.25 33.2 328
Min 0.13 <DL 006 0.01 =L 324 (.40
Max 571 5.49 4.64 4.16 1.084 7.3 185
Ps2
Averape 5.7 .81 3.96 2.14 ]_?4 30.0 2.81
Min 0.28 0.03 0.10 0.05 =DL 661 1).45
Max Sho 6.2 348 27.8 19,0 197 14.7

Abbreviations are total P — TP, particle P — PP. total dissolved P — TDP, molybdate reactive P - MRP, dissolved organic P - DOP, biochemical oxvgen

demand - BOD. nitrate - NOy N, DL — detection limit.

the time was not sampled. The similarity in trend between
duration curves has been used in a final section that
extrapolates instantaneous loadings to provide annual
estimates.

3.2, Comparison of point sources

Samples were collected from each point source on each
occasion indicating their continuous fow properties.
Individual point sources had a variable composition
(Table 1), lor example. the average TP concentration of
the PS 2 was ~5 times greater than PS 1 (p<0.001). The
various lorms ol P were all significantly (MRP. DOP and
TDP p<0.001, PP p<0.05) different between sources. On
average approximately half the TP in the PS 1 was present
as TDP and hall of this was MRP. This was in contrast to
PS 2 which not only had the higher TP concentration but
also the larger proportion as TDP. The highest concentra-
tion of TP measured over the sampling period was
5lmg L' at PS 2. Concentrations of BOD and NO; were
similar (no significant difference) between the two point
sources although the range in concentrations between
individual sampling dates was still large.

Temporal variability in composition between the two
point sources suggested the existence of some seasonal
‘management” or “lransport’ factor influencing concentra-
tions (Fig. 4). While PS 1 tended to be more variable with
highest TP concentrations during the autumn. PS 2 by
contrast had highest TDP and TP concentrations during
the spring and summer with comparatively small winter
concentrations. Differences in BOD were less apparent
between sources. however, the number of samples were
relatively small. Seasonal differences in NOx—N concentra-
tions were less obvious but were slightly higher for PS |
during the autumn and winter.

The lack of any clear relationship between individual
pollutant groups suggests that each pomt source has a
complex and probably mixed origin. Dilferences in
behaviour and source of individual constituents from each
PS are supported by the variable pattern of their
correlations (Table 2). While the soluble and particulate

P fractions were well correlated the only other correlation
for PS | was between MRP and BOD (p<0.05). The
general situation was stmilar for PS 2 although correlations
between the various P fractions and BOD were also highly
significant. Interestingly NO-,-N was not correlated with
any of the other determinants.

3.3. River concentrations

On most sampling occasions concentrations were greater
at the downstream sampling site. as indicated in Fig. 5 by
points falling below the 1:1 (unity) line. The magnitude of
any difference varied greatly with some samples showing
large differences. and this did not appear to be related to
the initial upstream concentration. Approximately 80% ol
MRP concentrations (data not shown) showed a down-
stream/upstream ratio greater than 1.2 while the corre-
sponding figure for TDP and TP was smaller (~60%). For
BOD the majority ol samples (>80%) had a ratio greater
than 1.2 while the comparable value for NO3-N was 70%
(Fig. 5). Generally the proportion of MRP that constituted
TDP and the TDP fraction of the TP both increased as the
concentrations of TDP and TP increased (Fig. 6). This
suggests that when concentrations of TP increase then the
bioavailability is also greater.

The majority of samples from each point source had
concentrations of P, BOD and NO:—N that were greater
than those of the receiving water, and this was particularly
true for PS 2. The average concentrations of all P fractions,
except DOP. were therefore significantly greater at the
downstream sampling site (Table 3). On average more than
half of the TP was present as TDP of which <350% was
MRP. The measured increase in TP concentration was
attributable to an increase in both particulate and soluble P
fractions. Concentrations of NO; N and BOD were also
significantly greater at the downstream sampling location.
The increase in average concentration, expressed as a ratio
for downstream samples, varied but all were greater than
1.5, with the largest proportional increase being found for
NO; and BOD.
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Table 2
Correlation hetweenvarious deferminants present in point sources PS |
aud PS 2

MR e ' BOD

PS5

e i

TP bt ] Ardsaf

BOD * s ns

NON ns ns s ns
P52

TDP i

T ) #ae

ROD Haen Wk s

MNO-IN 18 s s s

Abbreviations are total P TP, total dissolved P TDP. molvbdale

reactive P MRP, biochemical oxvgen demand  BOD. nirae NO» N
FEEn <001, Fp< 03, ns — Not signiticant.

34 Instantaneous flux
A wide range (greater than three orders of magnitude) of

mstantaneous loads were calculated for the downstream
site (Table 4), The proportion of the total downstream load

that was attributable to the upstream sources aenerally
averaged between 60% and 75%. This suggests that despite
the luck of volumetric flow data for the two point sources
and the upstream station the “farmyard regon” contributed
on average 25-40% ol the total pollutant load. On certain
sampling ocecasions =>80"% of TDP and >90% ol the BOD
and NO: load appeared to originate [rom the farmyard
region. The mstantaneous load measured at upstream and
downstream locations is shown m Fig. 7 and ranged over
four orders of magnitude. Large differences in instanta-
neous loadings were apparent for individual sampling dates
even at low river flows, supporting the continuous and
rainfull mdependent nature of delivery from the farmyard
arei. Stream low was the primary lactor responsible lor
generating these differences and consequently significant
positive linear relationships were cyident between nstan-
taneous load and stream flow. The individual relationships
have been used to culculute daily loads 4l the downstream
site und the difference between upstream and downstream
sites. Expressed on an annual basis. total losses at the
downstream site were 3kgPha ° TP and 1.7kgPha ‘
TDP, Assuming that the difference between upstream und
downstream datly loadings relates to those lrom Lhe
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Fig, 6. Relationship between concentrations of (a): molvbdate reactive P (MRP) and the proporiion (% ) of MRP as a [raction of total disselved P (TIDEP)
and {hi the proportion (%) of TDP as a fraction of total P (TP) (or the downstream site. Both significant ¢~ = 0.42 and " = .32 (p=<t001),

farmyard region then these accounted for ~30% and 1 7%
of the annual TP and TDP load. respectively.

The role of any seasonal or climatic related f{actors
responsible for mobilising and transporting effluent from
point sources is difficult to establish (Fig. 8). The estimated
contributions of TP. TDP or NO; derived from farmyard
sources appeared (o display hitle relationship to stream
flow suggesting that these sources could degrade water
quality without the need of a major hydrological event.

4. Discussion

Regular sampling and analysis ol two poinl sources
derived from a [armyard have demonstrated a variable but
olten high degree of contamination with respect (o
nutrients and labile organic matter. Particular emphasis
was placed upon quantilving their significance as possible
sources of P. This was clearly evident because on >93% of
all sumpling occasions. one or both of the peoint sources
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Tahle 3
Comparison ol averaged concentrabions tme L ) for upstream and downstrenm siles

™ ep TDP MRP Dop RO NO: N
Number i fil (Pl i 54 16 il
Average up" .28 (.14 (L 6B35) (.05 36) 011 32N 1,03
Average down” .43 20 11.24(35) t1047) 13 fi.5) 107
Sipnificinee level b ¢ irE ik i e 2
Average raho” | 30 T2 .39 2100 1.75 3,04 269
Average difference (.12 0.ty 007 .04 0.4 X273 43
The proportions (") of MR and TDP as a fractian of TDPand TP are shown in hrackets. Where abbreviations ure total P~ TP, particle P - PP. 1atul

dissolved - TDP. molybdute reactive P MRP. dissalved organic P
FEHER pes 05 001 and (LO0T. respectively. ns not signilicant,
"Averige ol upslream sumples.

"Avernge of downstream samples.

" Average of ull downstrewm/ dpstream ritios.

Liible 4

DOPR. biochemical oxveen demund

BOD. nitrate NO. N, Probability levels .

Instantancous load of varous P (ractions, BOD and NOs5-N (all ma s bat the downstream site together with the averaged praportional (%) contribution
derived [Tom upstream sourees logether with the minimum proportion shown m hrackets

Vurtuble No Meun (SE) Minimum Mudian Maximum Proportion (")
MR (2 59 (1.92) 017 363 RENRL a1 (8)

DR i 24.7 (5.8) (.38 6.71 272 F2(21)

TP 5N 40,8 (8,49) (D, 12:8 94 72(20)

BOD I 822 {230) [9.3 50 1854 6o (9)

NE-N [R5 W13 (13.3) l.13 EEAI] 622 T3 (4

Ahhreviations are total P TP, wotal dissolved I — TP,

had TP concentrations that were well above those ol the
adjacent receiving stream water. A similar situation existed
for labile organic compounds and therefore also BOD (and
presumably fuecal mdicator organisms) and while the only
N form measured was nitrale, concentrations were also
high relative to those at the upstream station. It would be
expected that a4 much greater proportion of N was present
as reduced forms in cffluent draining (rom farmyards
having livestock. Similarly, farmyards have been shown to
represent an important source ol microbial contamination
(Kay et al., 2003). Therc are direct local influences of
farmvards on stream waler quality (see Hooda et al.
2000b).

Runolf from impervious hardstanding areas and farm
tracks often displays a marked episodic response in relation
o hydro-logical events with the degree of contamination
dependent upon various combinations of lactors (Hdwards
el al.. this isgue). Importantly, most farmyards represent a
renewable source of potential contaminants, especially
where livestock are present.

I he lighlyv vartable composition ol hardstanding runolT,
noted previously (Cdwards et al. this issue), was also
apparent in these two point sources. Both short (daily) and
[onger-lernt (seasonal) differences in composition were
measured. Some underlying seasonalily i composition was
apparent but this differed between sources. A combination
of management and climatic factors could be potentially

molybdate reactive P — MRP. biochemical gxygen demand

BOD, mitrate — NO4-N.

responsible for introducing this viriability although it was
difficult to establish any clear relationship between effluent
concentration and rainlall. Poinl source 2 might be
expected to show a highly variable daily concentration
probably due to the periodic contribution from dairy
parlour washmgs. In contrast PS 1 might be influcnced by
more management related factors. such as number and age
ol housed cattle. and cleaning operations. The changes in
concentration ol individual components appeared 1o oceur
independently ol each other which suggested a complex
and varying range of contributing contamihant sources in
euch point source. For example, PS 2, a mixed source.
would be expeeted to receive periodic (twice daily) dairy
washings having a tvpically high BOD concentration
relative 1o therr nutrient content. in contrast to washings
of urine and [aecal material from collecting leeding areas
(Hooda et al., 2000a.b). Fresh animal [aeces zenerally
contain the majority of N in reduced forms and only o
small proportion of NO;-N.

It is likely that with this general geographical region,
where livestock enterprises are the predominant furm type.
individual stream passess through a number ol similiar
situations where farmyard areas might contribuie to
contaminant loads. Estimating the contribution individual
farmyards make to the lotal loading is difficult duc 1o
selective retention (e.g.. sedimentation of PP) and trans-
formation (e.g.. de-nitrification or sorption ol MRP)
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processes that can occur downstream. A combination ol
geographical and scasonal differences in annual rain-
fall runoll relationships will influence the volume of runolf
generaled 1n addition to the resuliing within-siream
dilution. The overwhelming influence that discharge has
on the calculation of substance loads resulted 1n a positive

relationship between instantaneous load and stream [low.
The reasonable relationship between average daily flow
conditions and flow at the time of sampling meant thal a
tentative extrapolation to provide estimates of annual P
loads and the proportional contribution [rom the Farmyard
region was possible. An estimated 30% and 17% of the
annual TP and TDP load for this 700 ha catchment was
derived from the farmyard region.

5. Conclusions

Two small point source drains from a dairy farmyard
area were continually discharging contaminated effiuent
into a small stream syvstem. The point sources were
continuous in their Aow properties and displayed a variable
compaosition. On most sampling occasions one or more of
the point sources experienced concentrations of P and
BOD that were well above those of the receiving stream
water. This single farmyard contributed 4 significant
proportion (30%) of the annual total load of P that was
calculated to be derived from this 700 ha catchment.

Acknowledgments

This work was funded by the Scottish Fxecutive

Environmental Research and  Agriculture  Department
through a joint grant to Scottish Agricultural College



AC Edwaidy, P.S, Hoodi | Jonrmal of Enpivonpental Managemenr 87 (20008 ) 591399 9

and Macaulay Institute. The referces ure thanked for their
nseful comments.

References

Anon. 1988, Methods for the Examination ol Waters and Associated
Materiuls, 3-Day Biochemical Oxygen Demand, second ed. HMSO.

Bowes. M.I. Hilton, Jo. Trons, G.P.. Hornby, D.D.. 2005, The relunve
contribution of sewage wnd diffuse phosphorus sources n the nver
Avon eatchment, southern Englund: implications (or nutnent manage-
meint, Science of the Total Environment 344, 6781,

Edwards, AC. Kayv., D, McDonald, A.. Francs, C. Watkins, J.
Wilkinson, 1R Wyer, M.D.. 2008, Farmyards, an overlooked source
for highly contaminated runoff. Journal ol Envirenmental Manage-
tent 87, 351-33Y,

Greenberg. AF., Clesceri, 1.8, Futon. AD. (Eds). 1992, Standard
Methads [or the Examination of Walter and Wastewater. EPS Group
Inc.. Hanover. Maryland, USA.

Hively, W.D.. Brvant. R.B.. Fahey. T 1. 2003, Phosphorus concentrations
in overland fAow trom diverse locations on o New York dairy Tarm.
Journal ol Environmentual Quality 34, 12241233,

Hooda, PS8, Edwirds. A.C., Anderson. LA Miller, AL 20000, A review
of catchment water quality coneerns in livestock larming arens. Science
of the Total Environment 250, 143167,

Hoodu, P.S.. Maynagh, M., Svoboda, 1LF., Thurlow, M., Stewart. M.,
Thomson. M., Anderson. H.AL, 1997, Streamwalter nitrate concentra-

fons mosix agricultoral calchments in Seolland, Science of the Total
Environment 2010, 63 748,

Hooda, P.5S.. Movnagh. M., Svoboda, 1. Miller, AL 2000b. Macro-
invertebrate as bioindicators ol wuter pollutron m streams drining
dairy farm catchments, Chemstry and Eeology 17,17 30

Jackson. M. L.. 1958, Soil Chemieal Analysis, Prentice-Hall, New Jersey.
495 pp.

Kay, D., Bdwards, A.C., Ferrier. R.C., Francis, €., Kay, €., Rushby, L.
MeDonald, AT, Crowther, J.. 2003, Does farmyard runofl represent
a signihcant source ol fuecal indicator orgamisms lor the bathing
walers of SW Scotlind” In: Proceedings of the 7th International Water
Association Specialised Conlérence on Diffuse Pollution and Basin
Management, vol. 3, Dublin, pp. 22 29,

Nagumo, T., Wolil. K.P.. Hatano, R.. 2004, Cvaluanion af the contribution
ol point und non=pomt sources ol nitrogen pollulion m stream water in
d rural area ol eentral Hokkaido. Japan, Scil Science and Plant
Nutrition 30. 109117

Salvia-Castellvi. M., 1fly, LF. Borght. PV. Hoffman, L., 2005
Dissolved and particulale nutrient exporl from ural catchnents: a
case study from Luxembourg. Science ol the Total Environment 344,
S1-635.

Vanni, M. J.. Renwick. W H_, Headworth, 1.1.., Auch, 1.1, Schaus, M.H..
2001, Dissolved and  purticulate  nutrient flux  from  three
adjacent agricultural watersheds: a five-year study. Biogeochemisiry
54, 85114

Woli. K.P., Nagumo, T.. Hatano. R, 2002, Magnitude of nitrogen
pollution in stream water due to mtensive livestock farming practices,
Soil Science and Plant Nutrition 48, 883-887.



Aournal of
Environmental
Man agement

LR

ELSEVIER

Journal of Environmental Management 87 (2008) 600-608
www.elsevier.comy/logule/ jenymun

The microbial status of natural waters in a protected wilderness arca

A.T. McDonald*, P.J. Chapman, K. Fukasawa'

Earth and Biosphere Institute, School af Geography, Unfversity of Leeds, Leeds, L82 90T, UK

Available online 20 December 2007

Abstract

Waters derived from remote “wilderness’ locations have been assumed Lo be largely [ree ol bacterial contamination and thus such.
near-pristine, protected catchments. unused lor agriculture, have been first in the multiple line of protection (pristine catchment  long
storage — treatment —disinfection) employed by the water industry. This assumption is challenged by a bacterial survey of the waters
derived from the New Cairngorm National Park, Scotland. Over 480 spot samples were taken for 59 sites between March 2001 and
October 2002 during nine field campaigns each of three to five days duration. Over 73% of samples tested positive for Lscherichia coli
(E. coli) and 85% Tor total coliforms. Concentrations displayed both temporal and spatial patterns. Largest values occurred over the
summer months and particularly at weekends at sites frequented by visitors, either for “wild” camping or day visits, or where water was
drawn from the river (or drinking. Overall the spatial and temporal variations in bacterial concentrations suggest a relationship with
vigitor numbers and in particular wild camping. The implications of the results for drinking water quality and visitors health are

discussed along with possible management options for the area in terms of improving the disposal of human waste.

i 2007 Elsevier Ltd. All rights reserved.

Kevwords: Wilderness: Total coliforms: E. coli: Wild camping: Human waste

1. Introduction

The World Conservation Union, defined a ‘“protected
area’ as an arca of land and/or sea especially dedicated to
the protection and maintenance of biological diversity, and
of natural and associated cultural resources. and managed
through legal or other effective means (IUCN, 1994).
While the conditions of establishment ol protected areas
vary greally frem one country to another depending on
needs, prionties, and on differences in legislative and
financial support, protected areas. such as wilderness areas
and national parks, are generally managed with two main
aims in view, that is, (1) conserving the special qualities of
the area and (ii) providing recreational experiences. These
attributes, special qualities creating recreational potential,
however, inevitably altract o these areas significant visitor
numbers. Since 1963, recreational use of wilderness areas in

*Corresponding author, Tel: +44 113 343 3344: fax: +44 113 3433308,
Bl address: atmedonaldieleeds.acuk (AT, MeDonald).
'Current address: Halerow Group Limited. Burderop Park. Swindon
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the US has grown by nearly 400% (Hampton and Cole,
1995). increasing significantly during the 1990s and likely
to intensify in the future (Cole. 1996). A survey of all
national parks in the UK. US. and Japan indicated that
such upwards trends in demand were a continuing and
global phenomena (Fukasawa. 2004), This increasc in
visitor numbers to protected areas presenls managing
agencies with a balancing act of protecting vulnerable areas
and resources [rom impacts associated with large numbers
of visitors whilst permitting access and maintaining safety.

Whilst great attention has been paid to the issues of
trampling of vegetation. erosion of soil on footpaths (for
example, Watanabe and Fukasawa, 1998; Hampton and
Cole. 1995; Cole, 1991. 1983) and disturbance ol wildlife
(for example, Hendee et al., [990), the issue of human
waste disposal and potential for ground and surface water
pollution has been largely ignored. Facilities for walkers or
campers (e.g. toilets and drinking water) arc not normally
provided in profected areas. such as national parks. and
indeed there arce cogent and persuasive arguments (o
support that non-provision. However, how to deal with
the increasing amount ol waste produced by visitors is a
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non-trivial disposal problem and is an important manage-
ment issue for every protected area around the world.
Currently there is little applied research on the impacts of
human waste disposal on the environment in wilderness
areas or on the quality of streamwaler in such sites
(Cilmburg et al., 2000). Most wilderness areas provide
information to visitors on best practices for disposal of
human Faeces. the most common methods of which are
(1) shallow burial in soil. (il) latrines, (iil) surface disposal
and (vi) carrying out of faeces. In most cases these
suggestions are bhased on observations and experience
instead of research and the effectiveness of each method is
likely to vary between areas depending on climate and soil
characteristics.

The improper disposal of human faeces presents two
major concerns. Firstly, human health problems relating to
the transmission ol disease-causing pathogens (bacteria.
viruses and protozoan) from human faeces as a consequent
ol either direct contact or contamination of drinking water
and secondly aesthetic concerns of visitors who find
improperly disposed human waste. In wilderness areas,
surface waters are often used for drinking and cooking
and/or recreational use. Hence it is important that these
walers are safe lor these uses and do not pose a risk to
public health,

Bacterial contamination of surface waters in wilderness
arcas primarily originates in the surfuce soils that contain
hackground microorganisms and those originating from
human, domestic and wild ammal faeces (Cole. 1990:
Silsbee and Larson. 1982). More water quality studies have
been conducted in easily accessible recreation sites or on
municipal water reservoirs (McDowell, 1979) often sited in
marginal “wilderness’ areas. Overall, these studies have
found that bacterial contamination occurs in areas receiv-
ing high use at peak periods ol time (Kuss et al., 1990).
Fewer studies, mainly in the USA. have investigated the
bacterial status of remote wilderness waters and any
relationship with recreational use (e.g. Silsbee and Larson.
1982; Gary and Adams. 1985: Cole, 1990), and the results
of these studies have often been contradictory or incon-
clusive (Cilimburg et al.. 2000; Hammit and Cole, 1998).
This may partially reflect the fact that impacts from human
waste on water quality are believed to be localized,
temporary and dependent on environmental variables
(Varness et al., 1978; Kuss et al..”1990) and the inherent
difficulties associated with carrying out water quality
studics in wilderness areas. such as problems of access
and diseriminating between background bacterial levels
and inputs from non-human sources (Hermann and
Williums, 1986). Hence there is a paucity of studies that
have investigated the impact of human waste disposal on
water quality in wilderness areas, and those that have been
carried out arc characterised by being of relatively short
duration and limited number of samples.

The present study, reported in this paper, was. thercfore.
undertaken to determine the spatial and temporal distribu-
tion ol stream water bacterial concentrations in a remote

wilderness area in the UK under a variety of both user
intensities and hydrelogical conditions.

2. Materials and methods

The study was carried out within the Mar Lodge Eslate
in north-east Scotland. approximately 75km from the
North Sea (Fig. 1). The Mar Lodge Estale huas been
managed by the National Trust for Scotland (NTS) since
1995 and lies within the Cairngorms National Park.
established in 2005: an area cited as bemg the last true
wilderness in the UK and holding remnant arctic tundra
landscape (Curry-Lindahl, 1990). The estale conlains four
of the five highest mountains in Britain and remnant
Caledonian Pine forest ol national importance. The terrain
is predominantly moorland with arctic/alpine vegetation
on the higher ground and supporits low density deer
grazing.

Access 1o the estate by the public is restricted to loot as
no public road crosses the estate. A car park is provided at
the Linn of Dee (Fig. 1) on the eastern edge of the estate,
Skm west of Braemar. Due to the long distance between
the car park and the summits of the high mountains, many
wilkers and mountaineers carry tents for overnight stays.
The most popular area for camping wild is around Derry
Lodge, 4.3 km [rom the Linn of Dee (Fig. 1), There are also
a lew mountain huts; enly Bob Scott’s Bothy has a loilet
(a hele in ground located 10 m from river). The estate does
not condone wild camping, however, the concentration of
tents. which can range from one or two Lo over 100 lents
per night, in one popular location around Derry Lodge is
causing concern as no sanitary lacilities are provided in
terms of toilet or drinking water. Therefore, this study
centred on Derry Lodge (57°01" 22N, 3"34'50W) at the
confluence of the Luibeg Burn and the Derry Burn (Fig. ).
The choice of site allowed an evaluation of the bacterial
status of a raw water that was used lor direet consumpition:
permitted the tracing of the contamination. if it occurred.
between two rivers of differing recreational use (Derry
Burn versus Luibeg Burn); and allowed an evaluation ol
the recovery rate downstream (now called the Lui Water)
before its confluence with the much larger River Dee.

The logistics ol sampling in a remolte location required
that the sampling was conducted on a campaign basis with
sumpling and analysis over a period of three to five
consecutive days in cach campaign. Nine sampling
campaigns were conducted over a period of eighteen
months: the [irst campaign occurred between the 26th
and 31st August 2000, seven campaigns were conducted
between 28th June 2001 and 31st October 2001, and the
final campaign was in late winter between 1st and 6th
March 2002.

The design of the fheld-sampling progranune  was
constrained by two factors. Firstly, the time available to
collect water samples each day was limited because each
water sample must be analysed within six hours of
collection (a limitation that has now been relaxed to
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Fig. 1. The studv area a1 Mar Lodge Lstate, Scatland.

24 h). Secondly. vehicle access bevond Derry Lodge was
not permitted so all sampling points past this location were
reached by foot. These fuctors restricted (1) the number of
samples collected each day and (ii) the spatial coverage of
the area around Derry Lodge.

= Public Road
B Major Sampling Point
® Minor Sampling Point
# Mountain Hut

o kilometres 5
2 — — Boundary of Mar Lodge Estate m“"f;g:
........... FBDSpath | 1200

showing the location of the water sampling sites,

The sampling sites were mainly situated on Derry Burn
and Luibeg Burn (Fig. 1), Twenty eight sites were situated
along Derry Burn, including 13 tributaries. 1§ sites along
the Luibeg Burn and 10 sites along the Lui Water,
including one tributary site. In total. from 59 sites. 481
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samples were collected and analysed. The location of the 59
sampling sites 18 shown in Fig. [. Some of these sites
represent spol salmpling of the remote high altitude waters
of the easiern Cairngorm slopes. Regular sampling was
focussed on 12 major sampling sites (sec Fig. 1) at lower
altitude because they were sites that were close to informal
wild” camping grounds. & mountain hut and long distance
footpath intersections. Hence these sites were more likely
1o be selected for drinking/cooking water.

Stream water samples were laken [tom the near surface
(0-5em) using a S00ml sterile plastic bacteriological bottle
from Aurora Scientific®. All bottles contained sodium
thiosulphate (Nas8,0; - SH-0). which i1s used to neutralise
any chlorine or chloramines that may be present in the
water sample. Samples were immediately kept in the dark.
cooled in an insulated conlainer and transported to the
laboratory within four hours. and processed within six
hours. of colleetion as specified in standard methods
(CREH, 1999).

The presence of total coliforms and Escherichia coli in
the water samples was determined by liltering measured
volumes of water, in this study three dilutions: 100, 10 and
[ ml of each sample were [iltered, through either cellulose
acctate or cellulose nitrate membranes. The membranes
were then incubated on Membrane Lactose Glucuronide
Agar (m-LGA) contained in sterile 50mm petri dishes
following the methods of Sartory and Watkins (1999) and
Watkins and Jian (1997). The media were made up in a
sterile laboratory, CREH. in Leeds and were suitable for
use for up to seven dayvs when kept cool. Each petri dish
was incubated at 30°C+17C for 4h followed by
A7°C+1°C for l4h. On completion of the full I8h

incubation, all membranes were examined for presence of

visible colonies. All yellow colonies were counted as
presumptive non £, cofi and all green colonies counted as
presumptive E. coli. The sum of the yellow and green
colonies gives the number of total colform in each sample.
Plates of m-LGA with counts between 20 and 80 colonies
were selected for reporting the results. Results are
presented as a logarithmic transformation of the number
of volonies present in cach sample.

3. Results
3.1 Oceurvence and amount of huéteria

Samples were collected from 59 sites (Fig. 1) and total
coliform was detected in samples tom 49 sites and £ coli
was detected in samples collected [rom 47 sites. At all of the
sites where total coliform and £. coli were absent, only one
sample was collected. apart from one site where three
s;unples were collected. In total, 35 sites were only
monitored once or twice during the whole study period.
most ol these were of first or second order, high altitude
streams. At 20 sites. more than five samples were collected
and all these sites had samples that tested positive [or the
presence of total coliform and £. coli.

In total. 481 stream water samples were collected and
analysed for total coliform and E. coli during this study:
70% of which were collected rom the major sampling siles
(Fig. 1). Total coliform was detected in 85% of these
samples and £ coli in 75%. The majority ol samples
(36% lor total coeliform and 52% for E. coli) in which
bacteria were detected contained belween one and nine
colonies (Fig. 2). However. 7% of samples contained =
100 total coliform colonies per 100 ml and 3% ol samples
contained > 100 E. coli colonies per 100ml (Fig. 2).

3.2. Spaiial variation in the microbial status of
natwral waters

There are lour main rivers in the study area; these are (1)
Derry Burn. (ii) Luibeg Burn. (i) Lui Water and (iv) River
Dee. Each of these rivers experience differing visitor
pressures and recreational usage. While campers congre-
gate along Derry Burn, particularly between sites 2 and 5.
considerably less wild camping occurs along Luibeg Burn,
which is more exposed. The confluence of the Derry and
Luibeg Burns forms Lui Water which joins the River Dee

300

@ Total colifonm
B E coll

250

200 -

150 4

Frequency

100 4

50 -

0

4] 1-9 10-49  50-99 100-199 > 200

Number of colonies per 100 ml

Fig. 2. Summary of bacterial enumeration data lor total coliform and
E. coli.

Table 1

The mean. median and range of logy, tolal coliform and logy, £ colf in
stream water collected from the major sampling sites on (1) Derry Burn,
(i1) Luibeg Burn and (i) Lui Water

Lui Water
{sites 8-12)

Luibeg Burn
(sites 6 and 7)

Derry Burn
(sites 1-3)

Number ol samples 139 3 178

(i) Total Coliform

Mean 770 00.622 0.761
Median 0,602 0.477 0.699
Range 0-2.79 0-1.90 (2,40
Yo detection 73% Bl Ta'
(1) £ Coli

Meun 0.635 0.457 0617
Median 0477 0.301 0.477
Range 0-2.32 (-1.60 2.20
"y detection (3% S, (5%




604 AT MeDenald et al. | Jowrnal of Environmental Management 87 (2008 ) 600-608

5km downstream. Compared to Derry Burn, there is much
less wild camping along the banks of Lui Water and the
River Dee. However, there is a mountain hut on the banks
of Lui Water (Fig. 1) and wild camping occurs close to site
|2 where the public road crosses the Lui Water. The area
around site 12 is a very popular picnic location as access to
the river. which is shallow (compared to the River Dee) is
very casy and it is not far from the car park (Fig. 1). The
mean, median and range of total coliform and E. coli in
stream water samples collected from Derry Burn (sites
1-5), Luibeg Burn (sites 6 and 7) and Lui Water (sites 8~12)
18 presented in Table |. Concentrations of both total
coliform and £ cofli were smallest and least variable in
samples collected (rom Luibeg Burn. Total coliform and E.
coli concentrations in samples collected from Derry Burn
and Lui Water were very similar.

Fig. 3 provides a schematic of the spatial distribution of
the extent of positive samples [or total coliform and £ cofi at
the 12 major sampling sites around Derry Lodge. Overall,
site 12 which is located just above the confluence of Lui
Water with the River Dee, had the highest number of
samples that tested positive for total coliform and E coli,
closely followed by site 11 which is located directly in front of
the mountain hut (Fig. 3). While this study was being carricd
out. it was observed that in addition to wild camping at
Derry Lodge. many people were camping on the roadside,
3.3. Temporal variations in the microbial status of
natural waters

The monthly mean, median and range of total coliform
and E. coli concentrations in stream water collected during

i
Lochan

0 kilometres 5

% of Positive Samples
Number of Samples

Total Coliform
B E. Coli

Fig. 3, Map showing the spatial variation in proportion of samples that tested positive for total coliform and £ cofi at (he 12 major sampling sites.
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the study are presented in Table 2. Total coliform displayed
a wide wvariation in concentration in all months, with
concentrations varying by up to a factor of 100. In general.
coneentrations were larger in the summer months (June to
September) than the winter months (October and March).
Although no apparent seasonal trend was observed due to
4 ldarge number of samples containing low concentrations
of total coliform in August, the data clearly show that the
maximum value of total coliform display a seasonal
pattern, with highest values observed in summer (July,
August and September). The monthly range and variability
in £. cofi concentration were very similar to total coliform
(Table 2).

The daily mean. median and range of total coliform and
E. coli concentrations in stream water collected during the
study are presented in Table 3, Concentrations of both
total coliform and £, cofi were larger and more variable in
stream waters collected on Saturday and Sunday compared
10 the other days of the week. Both total coliform and
E. coli were significantly different (P<0.001) between the
weekend (Salurday and Sunday) and the weekdays
(Monday through Friday). This significant difference is
also observed between the long-weekend (Saturday and
Sunday including Friday and/or Monday) and the re-
mainder of the weekdays.

Table 2

603
4. Discussion

As the majority ol surface water sampling programmes
only analyse for bacteria in urban and agricultural areas
(Hunter and McDonald, 1991a; Hunter et al., 1999). which
are highly developed and easily accessible, there is a lack of
information on total coliform and £. coli concentrations in
remote upland and wilderness areas. Therelore. the resulls
from this study provide unique information on the range,
magnitude and temporal and spatial distribution of total
coliform and E. coli concentrations in a UK wilderness
area. The sites examined in this research are amongst the
most remote and “pristine’ (in terms of active management)
locations in the UK. Even in such sites. however, the
majority of river samples lested positive [or the presence of
total coliform (83%) and E. cofi (75%).

Results from other studies that have determined total
coliform and E. eoli in natural waters [rom wilderness arcas
are presented in Table 4 for comparison. The number of
samples that tested positive for the presence of total
coliform and E. coli in this study was considerably higher
than that reported for a similar study in Grand Teton
National Park in the USA (Tippets. 2000, Unpublished
Report), where 63% ol the 218 samples collected from 26
sites tested positive for laecal coliform and the maximum

The monthly mean, median and range of (i) logy, total coliform and (i1) log, E eoli in all stream water samples

March dune Tuly August September October

Number of samples 53 40 59 135 108 5O
(1} Toral coliform
Mean 0412 (1.829 1.092 0.631 0.877 0.382
Median 0.301 0,954 1.041 0.477 0.778 0.301
Runge p-1.322 0-1.560 0-2.146 0-2.419 0=2.790 0=1.785
1y detection 75:5 95.0 us.3 904 852 72.1
(i) o coli
Mean 0D.407 0,795 0,878 0.499 0.668 (.289
Median 0.301 (L8435 (.699 (.301 11.602 (.000
Range 0-1.301 (1,431 (-2.146 0-2.322 (-2.176 0-1,699
"% detection 75.5 925 93.2 80.7 08.3 3.3
Tuble 3
The daily mean. median and range of (i) log,y total coliform and (i) logyy £ coli in all stream water samples

Mon Tue Wed Thur Fri Sat Sun
Number of samples 83 &l a0 30 TH 107 04
() Total coliform
Meun 0.601 0,416 0.568 0.322 0.5379 0995 0.897
Median 0.477 (.301 0.477 0.301 0.602 0778 (1699
Range 0-2.49] (-2.000 0-1.672 0-1,255 0-1.732 0-2.790 0-2.362
%% detection 783 88.1 850.7 b6.7 83.9 8.8 92,6
(ii) £, Cofi
Medn (.458 0.285 1,403 (1231 0.422 (818 0.773
Median 0.301 0.000 (.000 0.000 0.301 0.77% 0477
Range (0-2.322 0-1.778 0-1.568 0-1.146 0-1.672 0-2.176 (-2.146
“n detection 08.7 T4.6 63.3 50.0 §01.8 70.4 8@
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Tahle 4
The bacterial status of natural watérs from other wilderness areas
Study urca Number 1C EC Proportion of samples with = or Relerence
of positive posilive <[00 TC/EC per 100 ml
samples (%) (%)
Cairngorms National Park, UK 482 83 73 = 100 TC/100ml = 6.4%
(this study)
S 100EC/100ml = 3.1%
Great Smokev Mountains. USA 367 98.6 > [0 ED or FC/100 ml = 50% Silsbee and Larson
(1982)
Logan River. North Utah, USA < 100TC/100m] = 100%, Colthorp and Darling
(1975)
Stones River., Tennessee, USA 100 87 62 Brown and Broughton
(1981)
Avery Park, Monteith Park, | van Ess and Harding
Oregon (1997)
42,79
Grand Teton Natiopal Park, USA 218 63 Tippets (2000)

TC = Total coliform, EC = E colfi.

value of laecal coliform colonies exceeded 50 at only four
ol the sites. In this study, maximum total coliform
concentrations exceeded 100cfu/100ml at 11 of the 39
sites and £. coli concentrations exceeded 100 cfu/100 ml at
six sites. In the streams of the Great Smoky Mountains
National Park 80% of the samples had bacterial densities
greater than 100cfu/100ml (Silsbee and Larson. 1982),
compared to only 6.4% of samples in this study had
densities greater than 100 total coliform perl00ml and
3.1% of samples had densities greater than 100 E. celi
perl00ml (Table 4). This large difference in bacterial
concentration may reflect the greater number of visitors to
the Great Smoky Mountains National Park compared to
Mar Lodge (Table 4). The data in Table 4 also highlights
that maore samples were collected and analysed for bacteria
in this study compared to other studies of bacterial
concentrations in wilderness areas.

It is a common perception that water from streams in
wilderness areas 1s bacterially clean and safe to drink,
particularly if" it 15 upstream of any wild camping areas
andjor arcas heavily used by the public. However, the
resulls of this research indicate that this is not the case. For
example, even at site 7 which is upstream of the main wild
camping area at Derry Lodge. E. coli was detected in 9 of
the 11 samples (Fig. 3). Thus in wilderness areas, even
upstream sources reflect wildlife and deer faecal inputs and
so are not always safe for drinking water, The sampling
sites around the major camping area al Derry Lodge
(sites 8—12) appear likely to be the most risky place [rom
which water for consumption was taken. Visitors poten-
tially contaminate nearby waters by using the ground
within and adjacent to this major campsite for the disposal
of human excrement. Of the 175 samples taken from sites §
lo 12. E coli was detected in 127. Bob Scott’s Bothy has a
toilet which is believed to be connected to a septic tank. Of
the 83 samples taken from sampling sites close to the
Bothy, the presence of E. coli was detected in 71. This may

be due to upstream contamination from the campground
or it may also be contaminated by leachates/spills/
overflows [rom the septic tank. Three sites. adjacent to a
popular footpath that runs along side Luibeg Burn, were
not used for overnight stays, being neither campgrounds
nor bothies, but. for families with children, are popular
sites to play and have picnies and were sampled 31, 25, and
33 times. E. coli was detected in 29, 19, and 28 of the
sample respectively (Fig. 3).

In this study, bacterial concentrations displayed strong
temporal trends on a monthly and daily timescale.
Concentrations were significantly higher in summer than
winter despite an expectation that deer grazing the river
flats in winter when visitors were absent might have caused
a winter peak. [t is possible, in this little rescarched
environment, that lower flows in summer may lead to
higher bacterial concentrations but the normal outcome ol
low summer flows is low baclerial concentrations since the
bacterial concentration increase is, in most studies, very
sensitive to increased flow. Daily values showed that
concentrations were significantly higher at the weekends
compared to weekdays. Muany other studics, both in
wilderness and agricultural catchments have reported
seasonal fluctuations in bacterial concentrations with
higher numbers being observed during the summer (and
autumn) months in well-waters, beach walters, streams,
springs and lakes than in winter months (Rutter et al.,
2000; Sheehan and Badcock. 1993; Silsbee and Larson.
1982; Skinner et al., 1974). In the Yorkshire Dales, Hunter
and McDonald (1991b) also observed that faecal coliform
concentrations in stream water displayed a strong scasonal
trend. with highest concentrations in summer (mid June to
the end of August) and lowest concentrations in winter and
spring (mid November to mid June).

Coliform populations in streams have been reported 1o
fluctuate on a daily basis as well as seasonally (Cilimburg
et al.. 2000). These short-term variations in coliform counts
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are usually associated with either storm events or periods
of heavy recreational use. However. Christensen el al.
(1979) reported that higher bacterial levels were observed
in stream waters in Greenwalter watershed., Washigton at
the weekends when more campers were present. The results
from this study show a similar relationship, with signifi-
cantly higher concentrations observed at the weekend
(with and without Friday and/or Monday) than on
weekdays. Although no daly wvisitor numbers were
available for Mar Lodge Estate. observations ol tent
numbers during the study show that more tents were
senerally present at the weekend than during the week
(Fulcasawa, 2004).

5. Conclusions

The siles investigated here are amongst the most remote
and unspoilt that can be found in the UK but even in these
locations indicator bacteria are found frequently (75%
positive with some values in excess of 200 £ coli per
100ml). While this contamination appears to be sporadic
in streams on the high tops. at lower elevation but still
above any agriculture usage, the presence of indicator
bacteria in water samples are near ubiquitous. There
appears Lo be evidence that the contamination is associated
with wild camping. both through the higher values in
proximity to these sites and through the seasonal and
weekly concentration towards those periods of occupancy.
This is exacerbated by the policy of having no disposal
facilities on site in order to preserve wilderness character-
istics. The policy of the ‘long walk in” to preserve such
remole sites in Scotland means that walkers are unlikely to
be able to carry sufficient potable waler and resort to the
use of the contaminated streams. Advice on best practice
for water use and waste disposal is clearly required. Given
that this site is one of the cleanest and most pristine
locations in the UK, it is highly likely that this is an issue to
be encountered at any site where wild camping takes place.
It cxposes a ‘tension’ that will be difficult to manage
namely a choice between (1) banning overnight stays on
such sites (but this is in effect a ban on access) or (ii) the
provision of water and toilet facilities which will have

the effect of significantly reducing the wilderness value of

the site.
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Abstract

The international competitiveness of the New Zealand (NZ) dairy industry is built on low cost clover-based systems and a favourable
temperate climate that enables cows to graze pastures mostly all year round. Whilst this grazed pasture farming system is very efficient at
producing milk, it has also been identified as a significant source of nutrients (N and P) and faecal bacteria which have contributed to
water quality degradation in some rivers and lakes. In response to these concerns, a tool-box of mitigation measures that farmers can
apply on farm to reduce environmental emissions has been developed. Here we report the potential reduction in nutrient losses and costs
to farm businesses arising (rom the implementation of individual best management practices (BMPs) within this tool-box. Modelling
analysis was carried out for a range of BMPs targeting pollutant source reduction on case-study dairy farms, located in four contrasting
catchments. Due to the contrasting physical resources and management systems present in the four dairy catchments evaluated, the
offectiveness and costs of BMPs varied, Farm munagemients that optimised soil Olsen P levels or used nitrification inhibitors were
observed to result in win—win outcomes whereby nutrient losses were consistently reduced and farm profitability was increased in three of
the four case study farming systems. Other BMPs generally reduced nutrient and faecal bacteria losses but at a small cost to the farm
business, Our analysis indicates that there are a range of technological measures that can deliver substantial reductions in nutrient losses
(o waterways from dairy farms. whilst not increasing or even reducing other environmental impacts (¢.g. greenhouse gas emissions and
energy use). Their implementation will first require clearly defined environmental goals for the catchment/waler body that is 10 be
protected. Secondly, given that the major sources of water pollutants often differed between catchments, it is important that BMPs are
matched to the physical resources and management systems of the existing furm businesses.
i1 2007 Elsevier Lid. All rights reserved.

Kevwores; Dairy; Grazing: N mitigations; I Faecal bacteria; Water quality; Farm best management practices

1. Introduction

Agricultural non-point source pollution of waterways is
recognised as a major cause of water quality degradation in
many NZ regions (Vant, 2001; Hamill and MeBride, 2003).
Intensive agriculture 18 known to emit significant amounts
of nutrients, particularly nitrogen (N) (Ledgard et al., 1999:
Monaghan et al., 2005b; Scholefield et al.. 1993) and
phosphorus  (P) (Gillingham and  Thorrold. 2000z

“Corresponding author, Tel, + 06434899261 lax: |+ 64 34893809,
E-matl address: richard muirheadiaiagresearch.co.nz
(ROW. Muirheud).

0301-4797/% - see front matter @ 2007 Elsevier Ltd. All nghts reserved.
doi 10, 1016/ j jenvmunZ006.07.017

Monaghan and Smith. 2004; Sharpley and Syers. 1979).
faecal bacteria (Monaghan and Smith, 2004) and sediment.
Whilst these emissions are typically not large by agronomic
standards, the transfer of these pollutants from land to
water can result in significant water quality impairment
(Larned et al., 2004; Wilcock et al. 2006). In the past
decade much research has focussed on the role of dairy
farming as a contributor to nutrient enrichment of ground
and surface waters (Wilcock et al., 1909; Hamill and
McBride, 2003; de Klein, 2005). Whilst dairy cows are
never the sole contributor to water quality impairment, this
research has shown that inappropriate management of the
dairy farm system has the potential to cause significunt
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groundwater and stream pollution (Wilcock et al., 2006).
In response o market signals the dairy farming sector has
in recent years grown in size and intensity, with land area.
antmal stocking rate and per hectare production increasing
by 32, 11 and 32% between 1992 and 2004. respectively
(LIC, 2005). The combined effect of these increases has
inevitably led to greater leakage of nutrients from the dairy
farm system (Ledgard et al.. 1999). With the resulling
increase in pressure on the water resource, mitigation
practices that reduce farm losses of nutrient and patho-
genic micro-organisms are urgently sought. Community
concerns aboul the current trajectory of farming and the
resulting pressure on the environment are encapsulated in a
recent report [rom the NZ Parliamentary Commissioner
for the Environment (PCE, 2004), which describes the
cnvironmental and cconomic risks associated with a
continued increase in non-point source pollution from
farming. The wider public are also cognisant of the
requirement that farm mitigation measures allow farm
profitability to be maintained for this important industry.

As a first formal step lo improve the environmental
performance of most of New Zealand’s 13,000 dairy farms,
the dairy industry has developed the Clean Streams Accord
which is an agreement between the industry, local regulatory
agencies and central government authorities to implement
number of key environmental goals (Fonterra et al., 2003).
These initial goals have a particular focus on measures to
protect aquatic and riparian habitat and to have systems in
place that can balance farm nutrient inputs and outputs. The
next challenging step to improved farm environmental
performance is to develop a (arm nutrient management
system that can identify the most cost—effective way for
farms to continue to lift productivity (and thus profitability)
without the consequent increase in farm leakage of nutrients
and pathogenic micro-organisms. The purpose of this paper
is to outline some of the environmental mitigation measures.
further to the Clean Streams Accord, that have been
identified as relevant to the dairy farming sector, and to
present a cost-benefit analysis of these options. including a
consideration of the logistical implications that arise from
the introduction of such measures. The paper presents an

analysis of farm management options to mitigate sources of

nutrient and laecal indicator organisms that are transferred
lo waterways. Using four case study dairy [arms and
catchments, prioritisation of these mitigation measures is
discussed within the context ol current dairy farm manage-
ment practices and the effects-based policy context that
determines where and how remedial actions are made. The
elfect ol the mitigation measures on other environmental
concerns such as greenhouse gas emissions and energy use 1§
also discussed as a consideration for prioritising the
MCASUres,

2, Case study farms and catchments

In 2001, the Best Practice Dairying Catchments project
was established to integrate environmentally sustainable

practices into dairy farming. This project is carried out in
four dairy catchments in New Zealand, two in the North
Island and two in the South Island (Fig. 1), to study Farm
productivity and calchment-specific environmental issues.
The focus of the study is on water quality issues, although
estimates of greenhouse gas (N-.O. CH, and CO.)
emissions are also made to assess the wider environmental
impact of dairy farming in these catchments. The whole-
farm system approach of this project enables an evaluation
of dairy systems that optimise farm productivity, whilst
minimising environmental impacts, For each catchment.
detailed information of farm management practices,
animal production. [ertilizer usage and soil management
was obtained through [arm surveys on 7-20 dairy farms in
cach catchment. Pasture growth and pasture quality
monitoring information was obtained from (wo monitor
farms within each catchment for three successive years. and
surveys ol soil chemical, biological und physical properties
have been conducted biannually since 2001.

The farm and soil survey information together with
pasture monitoring data were used to calculate average
farm size. stocking rate, production and management
practices for each catchment. The data of the average
farm was then used with various modelling tools to
describe the economic and environmental performance of
the ‘average’ case study dairy farm within cach catchment
(Fig. 2). Firstly, the UDDER dairy farm simulation model
(Hart et al.. 1998; Larcombe, 1999) was used to character-
ize farm production by simulating herd characteristics,
pasture growth and [eed intake. milk production and
changes in cow body condition score. The pasture and milk
production outputs from UDDER and the soil and farm
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Fig. 1. Location of the four dairy catchments.
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Fig. 2. Schematic representation of modelling and assessment process.

information from the surveys were then used within the
OVERSEER™ nutrient budget model (McDowell et al.,
2005; Wheeler et al., 2003) to calculate annual budgets of
nutrients. greenhouse gas emissions and energy use.
Finally. a purpose-buill farm financial model was used Lo
calculate a full farm financial budget based on the current
vitlue of produce (milk and meat) and production expenses
(e.o. imported feed. off-farm grazing) (Dexcel. 2003: MAF.
2003). Farm profit was expressed as Earnings Before
Interest and Tax (EBIT). The dairy “systems” evaluated
here included the home farm on which the cows were
milked and off-farm arcas used lor supplement production
andjor wintering of cows. Estimates of P and N emissions
from the latter, for which the OVERSEER " model is not
currently sel up to accurately represent. were derived from
on-going field trials and values reported in the literature
(McDowell et al., 2003a.b, 2005; R Monaghan. unpub-
lished results). Energy flows (including the energy embo-
died in the manulacture of fertilizer N) and greenhouse gas
emissions were also estimated for each part of the dairy
system. again using the OVERSEERY model or values
derived [rom the literature for areas which were not
encompassed by OVERSEER™ (de Klein et al., 2002;
Wells, 2001). The “average” farm described for each
catchment was then used as a reference or control [arm
for assessing the effectiveness of implementing a range of
BMPs that targeted the reduction of N. P and/or faecal
bacteria losses,

Characteristics of each catchment and case study farm
arc presented in Table 1. The North Island catchments
(Toenepi and Waitokura) are warmer and wetler. and
animals are generally pasture-grazed throughout the winter
within the dairy farm. In the cooler South Island
eatchments (Waikakahi and Bog Burn), the cows are
gencrally grazed off-farm on forage crops during winter. In
the Waikakahi catchment, annual rainfall is low and many

farms are irrigated, most commonly using flood-irrigation
systems (border dyke). In all catchments, supplementary
feed 1s imported onto the farm. with the Waikakahi case-
study farm importing substantially more feed than the
other farms. The North Island case-study farms use a
combination of a two-pond effluent treatment system and
land application for managing the farm dairy effluent
(FDE) collected at the milking parlour, while the South
Island farms only use land application. Estimated nitrate
leaching and P losses from the case-study larms range
between 25 and 48 kg N/ha/year. and between 0.4 and
.4 kg P/hajyear. Any N and P losses [rom areas used for
off-furm wintering or for the production of supplements
are included in this assessment ol the total environmental
(and economic) performance of each case-study farm
(Table 1).

3. Potential mitigations: the BMP toolbox

The most effective mitigation strategies are those that
address the main sources ol contaminants within a system.
Fig. 3 provides an overview of the main sources of
contaminants and their potential mitigation options in
New Zealand dairy systems.

3.1. P and FDE munagement

New Zealund dairy systems are characterised by clover-
based pasture and year-round grazing with minimal
housing of animals. As a result, P fertiliser usage 18
relatively high to maintain adequate soil P [lertility lor
optimum clover growth. Direct losses (rom P fertiliser
application are generally low because best practices for
fertiliser management arc alrcady finc-tuned (NZFMRA,
2002). An exception is in systems that have large volumes
of overland flow, such as irrigation-wash exiting border
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Table 1

Characteristics of the four dairy catchments and their case study farms

RM. Monaghan er al. | Journal of Environmental Management 87 (2008 ) 609-622

Catchment

Toenepi Wauiokura Waikakahi Bog Bum
Carchment characteristics
Mean annual temp (“C) 13.3 12,7 10.7 0.2
Clatchment area (km) 15.5 235 41,0 24.7
Topuegraphy Rolling Flat Flat Flat

Major soil type

Well drained volcanic
silt loam

Well drained volcanic
silt loam

Well drained sandy and
silt loams (sedimentary)

Poarly druined silt loam
(sedimentary)

Average annual rainfall (mm) 1200 1400 540 021
Farm characteristics

lrrigation (mm/year) Nil Nil $10 Nil
Fertilizer N use {kg/ha/vear) 73 88 172 72
Clover N fixation (kg/ha/vear) 142 136 32 130
Fertilizer P use (kg/ha/year) 61 65 60 03
On-farm pasture area (ha) 70 75 213 218
Ofl-farm forage crop area (ha) 0 1t} 43 44
Animal winter grazing” On farm On farm T0% off-farm 100%, off-farm
Cow milking days per year 265 275 283 269
Stocking rate (cows/ha) 29 34 3 29
Milk production (L/ha) 10,645 11,595 12.890 12,230
Milk production (L/cow) 3635 3350 4170 4220
Imported feed (1 DM ha) 0.9" 0.3 25 02"

FDE" manugement sysiem

Pond treatment or land
application

Pond treatment or land
application

Land application

Land application

Soil Olsen P (mg/L) 33 63 46 42
ey Farm environmental performance indicators'
N leaching
kgiha 32 48 52 a0
kg/T milksolids® 37 49 65 34
P loss
kg/ha 1.41 0.39 1.25 0.94
ke/T milksolids 1.66 (41 1.57 LOR

"Off-farm: animals grazed off-farm on forage crops.

hMa'ml}; pasture silage (@ NZS0.17/kg DM (NZS1 = USS0.68).
“Maize or cereal silage @ NZ80.25/kg DM.

“Grain (@ NZ$0.30/kg DM.

“FDE! farm dairy eluent.

'Tneludes estimates of losses [rom off-farm areas for winter grazing and supplement production.

¥One kilogram of milksolids derived from 121 of nulk.

dyke-irrigated pastures, where P losses {rom soluble P
fertilisers can be potentially substantial (McDowell et al..
2003b). In these situations. the use of low solubility P
fertilisers (MeDowell and Catto. 2005) and improved
bunding (dvkes around the perimeter of a paddock to
prevent excess irrigation water leaving the paddock) of the
border dvke land could reduce P losses in overland flow
from grazed pastures (Table 2). In other situations soil and
sediment losses from high P fertility soils can make a
substantial contribution to P loss (McDowell et al., 2003a:
Morton et al., 2003). Maintaining soil P fertility at
recommended levels could therefore reduce the risk of P
losses from dairy pastures (Table 2), particularly for farms
in the Toenepi and Waiokura catchments where soil Olsen
P values are well above economic optima (Table 1).
Economic optima are defined here as the soil Olsen P
levels where farm EBITs are maximised, and vary as a

function of farm production and soil type (Edmeades et al.,
2006). The high soil P levels found on some of the
catchment farms are a reflection of excessive historic
maintenance P fertiliser inputs.

Other important sources of P are farm dairy effluent
(FDE) treatment ponds, FDE applied to land, and dung
patches deposited during grazing. With the recognition
that FDE is a valuable source of nutrients. best manage-
ment practices were developed for applying FDE to
land. These included recommendations on maximum
annual rates of N application (and thus the farm area
required to receive effluent loadings), split applications and
exclusion times for animals after application (e.g. Cameron
et al.. 1999; Longhurst et al., 2000; Reach ¢t al.. 2001).
Further research suggested that when following these
recommendations. effluent application to land is relatively
effective with only 2-20% of the nutrients applied within
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Fig. 3. Schematic representation of the main sourees of contaminants (white hoxes) and potentialmitigation strategies (grey boxes) on dairy farms in New

Zealand (de Klein, 2005),

Table 2
Potential dairy farm source mitigation measures
Measure System larget Pollutant reduction Reference
1. Optimum soil Olsen P level Grazed pasture P MeDowell et al. (2003a):

(]

. Deferred effiuent irrigation
soil

3. Applymg small umounts/depths of effluent  Land application of FDE to wet

soil
4. Low rate effluent irngation

riles.

L

. Bunding ol border dyke irtigated land
pasture
. Low solubility P leruliser
pusture
Grazed pasture
Grazed pasture
Graved pasture
Grazed pasture

7. MNitrification inhibitors

8. Inctusion of low N feed in diet

0. Low N input dairy farming

10, Restricted autumn o winter grazing

11 Covered wintering pads
areas

12. Advanced Pond System (APS) FDE treatment

Land application of FDE o wet

Land application of FDE to wet
soil, or soils with low infiltration

Border dvke-irrigated prazed

Border dyke-irrigated grazed

Grazed foruge crop wintering

Maorton et al. (2003)
Houlbrooke et al. (2004a}):
Monaghan dand Smith (2004,
Houlbrooke et al. (2004a);
Monaghan and Smith (2004).
Monaghan et al. (20050)

Faecal bacteria. suspended
solids. ammonium-N, P
Faecal bacteria, suspended
solids, ammomum-N, P
Fuaecal hacleria, suspended
solids, ammonium-N, P

P, faccul bacteria Carev et al. (2004).

P MeDaowell et al. (2003b): Carey
et al. (2004),

Di and Cameron (2003, 2003).
Ledgard et al. (2003, 2004)
Maonaghan ¢t al, (2004},

de Klein et al. (2006): Ledgard
and Menneer (2005},
Maonaghan et al. (2005a).

Nitrate-N
Nitrate-N
Nitrate-N
Nitrale-N

Nitrate-N

Faecal bacteria, suspended Craggs et al, (2004)

solids, ammonium-N, P

FDE being lost to water bodies (work reviewed by
Houlbrooke et al., 2004b). However, it was also recognised
that heavier-textured soils and soils with mole-pipe
drainage systems have an increased risk of preferential
fow resulting in higher risk of contaminant losses
(Monaghan and Smith, 2004). Discharges of FDE to
walerways, either via treatment ponds or direct drainage
through mole-pipe drains, can also contribute significant
quantities of faecal bacteria and ammonium-N (Hickey et
al.. 1989; Monaghan and Smith, 2004). Although ammo-
nium-N losses generally represent 5% or less of total farm

N losses to waterways (Monaghan et al.. 2005b), in some
situations the pulsed outputs of ammonium-N in FDE
arising from effluent How through mole-pipe drainage
systems can potentially lead to ammonia toxicity to aguatic
life. More recent research efforts therefore focussed on
developing best management practices for land application
of effluent to mole-pipe drained soils (Table 2; Houlbrooke
et al., 2004a; Monaghan and Smith, 2004), and on
developing an Advanced Pond System (APS) in arcas
where land application of FDE is unsuitable (Craggs et al.,
2004).
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3.2, N management

Animal urine patches from grazed pastures remain the
largest single source of N leaching losses from dairy farms
(e.z. de Klein et al.. 2006). It is well documented that N
leaching losses from animal urine patches in intensively
grazed systems can be substantial (Clough et al.. 1996;
Fraser et al., 1994 Silva et al.. 1999). Nitrogen lertiliser is
not a major direct source of N loss as 1t is applied in
relatively low rates and only used strategically to supple-
ment N supply Irom biological N fixation (Ledgard et al..
1999). In many areas, winter grazing ol {orage crops is
common practice. and preliminary measurement and
modelling studies have identified this intensive land-use
as another important source of N (Thorrold et al.., 1998;
R.M. Monaghan, unpublished results). The greater losses
from the wintering part of the system arise due to (i)
relatively large amounts of mineral N remaining in the soil
in late autumn following pasture cultivation and forage
crop establishment the preceding spring, and (i) the
deposition of much excretal N onto the grazed forage crop
during winter when plant uptake is correspondingly low.
Best management practices for mitigating N losses to
waterways therefore focus on those that reduce the total
amount of urine N deposited by reducing N inputs to the
farm system via lertiliser and/or feed. and those that avoid
the deposition of urine patches during autumn and winter
when the risk of N loss is highest (Ledgard and Menneer.
2005). In addition, the use of the nitrification inhibitor
dicyandiamde (DCD) has been promoted in recent years to
reduce the risk of N leaching losses from urine patches (e.g.
Di and Cameron. 2003. 20085).

4. Effectiveness of mitigation measures

The impact of potential mitigation strategies on the
environmental and economic performance of the average
case-study farm was assessed by re-running the models
using appropriate assumptions (Table 3). For simple
engineering-type mitigation measures such as the introduc-
tion of a deferred effluent irrigation management strategy.
only the OVERSEER™ nutrient budget and farm financial
models were required Lo be re-run under the appropriate
new assumptions. In contrast, mitigation measures that
incurred changes in farm stocking rate and/or feed input
required the sequential re-running of all three modelling
lools to account for whole-system changes such as pasture
surpluses/deficits, feed quality, and additional supplemen-
tary feed required. All mitigation measures were costed and
expressed on an annualised basis 1o include the opportu-
nity cost of any additional capital required (8%).
depreciation (spread across the life of any new infrastruc-
ture required). running and maintenance costs, and
additional labour required. For mitigations that required
the use of covered feeding and confinement areas (the
wintering pad and restricted autumn/winter grazing
systems), it was assumed that 85% of feed nutrients

deposited on the feedpad were captured and returned to
pastures in late spring. Nutrient returns in these manure
applications to farm effluent blocks were estimated using
the OVERSEER ™ nutrient budget model and accounted
for in farm fertilization programmes.

A summary of the projected reductions in farm P and N
losses to walerways under a range of BMPs, and the
resultant changes in larm profitability, are presented in
Figs. 4 and 5. respectively. The first feature of note is the
contrasting magnitude of P and N losses from the case
study larms, which reflects the different soil. climate and
management svstems within each of the catchments.

4.1. P and FDE management

Of the P mitigation measures considered in Fig. 4, only
one shows a consistent win—win oulcome when evaluated
from both economic and environmental perspectives.
Reducing maintenance P fertiliser inputs and soil Olsen P
levels to economically-optimal levels is projected to result
in annual savings of between $15 and $22 per cow over a
following 10-year period, and annual savings of between
$10 and 318 per cow thereafter. [n the case of the Toenepi
and Waiokura catchments where soil Olsen P values arc
well above economically optimal levels (Tables 1 and 3).
this measure is predicted to reduce farm P losses by 30 and
37%. vespectively. In the case of the South Island
catchments where soil Olsen P levels are closer to economic
optima. this measure is projected to reduce P logses from
Waikakahi farms by 14% and Bog Burn farms by 7%.
Mitigation measures targeting FDE management (mitiga-
tions 2. 3. 4, and 12 in Table 2). which is a particularly
important source of P emitted from dairy farms in the
Toenepi and Bog Burn catchments, incur small reductions
in farm EBIT values whilst delivering reductions in farm P
losses of between 10 and 55%. We should note here that
the performance of an Advanced Pond System (APS) [or
the treatment of FDE is included in our evaluation of
BMPs for completeness. In practice. this technology
primarily targets the reduction of losses of faecal bacteria
from dairy farms. although for farms that still use two-
pond treatment systems this technology can also deliver
significant reductions in farm discharges of P and, to a
lesser extent, N,

Discharges of FDE via two-pond treatment systems, still
commonly used in the Toenepi catchment, account for
much of the modelled P loss from these dairy farms.
whereas in the Waikakahi catchment irrigation wash from
the border dyke-irrigated land is calculated to contribute
approximately 70% of annual P losses from dairy farms.
As a further contrast. direct drainage of FDE through
mole-pipe drains. overland flow and mele-pipe drainage of
soil P from the poorly drained Pukemuiu soil in the Bog
Burn catchment are estimated to make approximately
equal contributions to the predicted P loss of 1.3kagP/ha/
year emitted from dairy farms. Paradoxically, the poorly
drained nature of the soils in this catchment contribute to
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[il]

Key assumptions made in mitigation modelling analysis

Measure

Assumptions

* source miitigations”
| Optimuom soil P fertility

2. Deferred elfluent irrigation

3. Applying small ameunts/depths
ol effluent
4. Low rate effluent irmigation

5. Irrigation bunding

6. Low solubility P lertiliser

N source mitigationy
7. Nitrification inhibitors

8. Inclusion of low N feed in diet

Y, Low N input dairy farming

10, Restreted autumn or winter
grazing

11, Wintering pads

Economically optimum soil Olsen P levels defined for each cuse study furm using the OVERSEER3" Fertiliser
Recommendations model: 25, 31, 38 and 34 pg P/ml for Toenepi, Walokura, Waikakahi and Bog Burn catchments,
respeatively.

Based on the provision of pond storage costing $37 per cow. deprecitted over @ 30 vear period. Annual
maintenance cost of 82.5 per cow.

Additional labour requirement costed at $1.3 per cow per annuni.
Annual cost of upgrading from travelling irrigator applicator to K-line applicator valued at $3.8 per cow: cost of

up-grading from two-pond treatment system (o land apphication via K-line valued at 32.4/cow/vear (nutrient credit
ol 59.8 assumed).

Bunding ol border dyke run ends costed at $80 per ha.

Muintenance P fertiliser typically applied in December.
Fertihization costs of soluble P fertiliser and low solubility P lertiliser assumed 1o be stmilar.

Four percent inerease in pasture production. spread across the growing season
Thirty percent reduction in nitrate leaching and 75% reduction in N-O emissions {rom grazed pasture arcas only
Inhibitor application costed at $126/ha/year.

Extra feed grown from fertiliser substituted with low N feed such as maize silage (Toenepi and Watokura) or cereal
silage (Waikakahi and Bog Burn).

Fertiliser N inputs to case study farms set to nil.

Six hour grazing of pastures from mid May to early July in Toenepi and Wiaiokura catchments,

Four hour grazing of pastures from March til mid May in Waikakahi and Bog Burn catchiments. Additional 2 kg
DM/cow/day fed to cows whilst on feedpad following evening milking. [t was assumed that these southern farms
already had a covered feedpad [or use as per the Wintering Pad scenario described below,

Eighty-five percent of feed nutrients deposited on feedpad captured and returned 1o pastures in lale spring.

Animils kept ona covered pad for 10 (Toenept and Waiokura farms), 8§ (Waikakahi) or 9 (Bog Burn [arms) weels
during winter.

Supplementary feed required for dry cows during winter: § (Toenepi und Walokura farms) or 9 (Waikakahi and
Bog Burn farms) kg DM 'cow/day.

Extra feed imported onto Toenepi and Waiokura farms 1o increase per-cow production: extra winter feed
imported onto Waikakahi and Bog Burn farms substituted feed “purchased” {from ofl-farm foruge crop areas,
Eighty-five percent of feed nutrients captured on pad and returned to pastures in late spring,

Pad construction cost of $470 per cow.

Mitigations for reducing losses of faeeal micro-organisms’

12, Advanced Pond System

Per cow construction cost (§94) assumed to be constant in all 4 catchments. Depreciated over a 30 year period.

Mitgations 2-5 also target the reduciion of faecal micro-organism losses from farm systems.

the relatively low N losses determined for Bog Burn dairy

specific pollutant sources on-farm-one-size does not

farms, which is in contrast to the considerably larger farm
N leaching losses predicted for the free-draining volcanic
ash soils in the Toenepi and Waiokura catchments. or the
shallow, free-draining sedimentary soils that are common
in the Waikakahi catchment. These contrasting physical
resources and management systems thus demonstrate that
farm-specific mitigation measures are needed to target

necessarily fit all.
4.2. N management
Evaluation of management systems that deliver reduced

losses of nitrogen (N) from dairy farms in the catch-
ments shows that the use ol the nitrification inhibitor
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curnings hefore interest and tax (EBIT) vadues,

DCD is a potentially cost-effective measure in all caich-
ments, increasmg (arm Earnings Before Interest and Tax
(EBIT) by up to 9%. Although the science behind this
technology is stll at an early stage. their use is projected
to reduce Farm losses of N in drainage by between 9 and
30%. Wintering pads appear o be u cost-effective manage-
ment system for farms in the Bog Burn calchment.
potentially reducing N losses by more than 30% and
mereasing [arm EBITs by 2%. Given the reductions in
EBIT values projected for dairy larms in the other
catchments, however, the wider adoption of this munage-
ment system s currently unlikely. Restricted grazing
systems, low N feed supplements and low fertliser N mpul
management systems are all strategies that are projected Lo
significantly reduce N losses from dairy Farms within the
catchments. At this stage. however. the economics of these
management systems generally incur small reductions in
farm profitability,

4.3 Sources and mitigation of Jaeeal pollution

Our current screntific understanding ol the sources and
pathways of faccal bacteria losses [rom dairy farms is
relatively poor in comparison to our understunding of
sources and pathwavs of nutrient loss (Wilcock el al..
1999). Nonetheless, some obvious sources have been
identilied that provide a few clues as to where mitigations
might be best targeted in the first instance. Documented
sources ol luccal bacteria translerred from grazed pastoral
soils to waterwavs include the rapid drammaee loss of
irrigated FDE applied to sotls that exhibit a high degree of
preferential fow (Meleod et al. 2003, 2004: Monaghan
and Smith, 2004). rain-fed mole-pipe drainage (Monaghan
and Smith. 2004). border dyke wash (Carey et al.. 2004)
and effluent pond discharges (Crages et al., 2004: Hickey
et al., 1989). Overland flow is also believed (o be o major
contributor of the total microbial load dehvered to streams
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(Hunter et al.. 1992: Vinten et al., 2004). The importance of
overland flow is further supporied by field measurements
of E. coli losses in overland fow over a 3-year period [rom
a grazed dairy pasture, typical of that found in the Bog
Burn catchment (Monaghan et al.. unpublished data). If we
construct a simple inventory of thése dairy farm sources by
combing the mean £ coli concentration data documented
in Tuble 4 with measured or estimated water yields [or each
source, we can identify. albeit at a relatively crude level.
some “hot-spots™ where mitigation technologies are best
targeted. For simplicity, we have ignored the direct
deposition of dung into streams as a source of faecal
bacteria, given the high proportion of stream reaches on
dairy farms that are fenced to exclude stock.

As noted for nutrient losses, this inventory analysis
reveals marked contrasts in the major sources of faecal
bacteria losses from dairy farms in the four catchments. In
the case of the Bog Burn catchment, direct drainage of

Table 4
Reported or measured £ coli concentrations in identifiable flow sources
from dary farms

Source/pathway Concentration Reference
cfu/100ml
Direct drainage of 5% 10° Monaghan and Smith
un-treated effluent (2004)
Rain-fed mole-pipe 4% 10° Monaghan and Smith
drainage (2004) and unpublished
data
Overland Aow 3x 1! R. Monaghan, unpublished
data.
Soil matnix flow 2 Hunter et al. (1992)
Border dyke wash 4x10% Carev et al. (2004) and
unpublished duta.
Two-pond effluent 7% 1o? Hickey et al. (1989)
treatment ponds
Advanced Pond 9w 10° Craggs et al, (2004)

treatment Systems
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irrigated FDE through mole-pipe drainage systems is
estimated to provide approximately 78% of the annual
E. cofi load transferred [tom soil to water on these dairy
farms. In contrast, irrigation wash from the free-draining
sotls in the Waikakahi catchment is estimated to contribute
approximately 98% of the annual E. coli load transferred
from soil to water, due to the very large volumes of surface
water lost under this land-use practice (Carey et al., 2004).
Discharges of FDE from the two-pond treatment systems
still used in the Toenepi catchment is estimated to
contribute approximately half of the faecal bacteria load
emitted [rom these dairy farms, Due to a lack of
information regarding vields of overland flow from the
soils in the Waiokura catchment. our estimates of faecal
bacteria sources are particularly crude and it is thus
difficult to pin-point major sources. Although there is
much uncertainty attached to these flux estimates, they do
guide us to some obvious mitigation options. In the case of
the Bog Burn farms, these options would include adopting
a deferred effluent dirrigation  strategy. installing an
Advanced Pond System, applyving small depths of effluent
by increasing irrigator groundspeed, or switching from the
current travelling irrigator to a low rate (c.g. K-ling)
applicator. as described for the P mitigations discussed
above, Advanced Pond Systems are noted to be particu-
larly effective at removing faecal bacteria from FDE
(Craggs et al., 2004). and thus, if faecal pollution reduction
was the major policy objective. this system would be an
effective approach to achieving this in both the Bog Burn
and Toenepi catchments. Strategies for reducing faecal
bacteria losses [rom dairy farms in the Waikakahi would in
contrast focus on reducing the volumes of border dvke
wash lost from these farms. Irrigation bunding is an
obvious measure to consider here. as well as ensuring
irrigation clock timings are correctly set and irrigation
headraces are well maintained lo ensure even waler
delivery. The irngation bunding in the Waikakahi catch-
ment would have the combined effect of also reducing P
losses (Fig. 4). Changing to spray irrigation delivery of
water would also much reduce the transfer of faecal
bacteria to waterways. although this would incur consider-
able extra infrastructure costs and energy requirements.

5. Prioritisation of mitigation measures: the importance of
farm and catchment context

When considering management interventions lor the
control of farm pollutant losses, it is important to first
clearly establish the need and urgency for reducing the loss
of a specific pollutant. Experience informs us that some
catchments are more sensitive to nutrient pollution than
others, and some are specifically sensitive to P whilst others
may be more sensitive to N. As an example, monitoring of
the Oreti River catchment, which encompasses the Bog
Burn study catchment described here, shows that nuisance
weed and algal growth in this river system currently
appears to be P- rather than N-limited (Crawford. 2001).

As a consequence. farm mitigation measures which target P
reduction are likely to have more impact at a catchment
level than those which target N losses. This is an important
consideration il [armers are to get the “biggest bang [or
their buck™ if they arc required to finance environmental
measures on their farms (NZ farming. including environ-
mental mitigation practices. 15 unsubsidised). Another
obvious consideration is to clearly identify the major
sources of the pollutant so as to ensure BMPs are targeied
directly at these sources and the measure is therefore
effective. Thirdly, an accurate assessment of the cost
effectiveness of a range of targeted mitigation options is
needed to ensure that farm expenditure is used most
efficiently.

The projected cost-effectiveness, expressed as dollars
saved per kilogram of reduced N or P emission, of each of
the BMP measures evaluated above is shown in Table 3.
Optimising soil Olsen P values and the use of nitrifica-
tion inhibitors are BMPs that represent a financial saving
in all catchments and are thus the most obvious manage-
ment intervention measures to implement in the first
instance if nutrient loss reductions are sought. Likewise,
the use of wintering pads in the Bog Burn catchment is
projected to increase farm EBIT whilst reducing N
losses. Ranking of the remaining measures shown in
Table 5 indicates that the most cost effective approach
to minimising P and N losses varies between catchments.
Table 5 shows that the reduction of P losses from Toenepi

Table 5

Cost effectiveness ($ saved per kg of nutrient conserved) of mitigation
measurces for reducing losses of N and P from dairy farms in the 4
catchments

Toenept Waiokura Waikakahi Bog

Burn
Phosphorus
Optimum. Olsen P 113 221 421 4)
Deferred effluent irrigation . =22 0 nja S
Low rate effluent irrigation —8 nfa n/a —21
Small effluent application nir n n/a —24
depth
TIrrigation bunding n/r n/'r —15 n'r
Low solubility P fertiliser n/i nfu 0 0
APS —108 nfa" nja" nia"
Nitrogen
Nitrification inhibitors 10 11 16 5
Restricted autumn, winter -3 —3 —0 =]
arizing
Nil N fertiliser input =16 4 ~1 —16
Low N feed =43 —13 0 —41
Wintering pads -4 —36 -9 2
APS —20 n/a" n/a’ =52

Figures arc expressed relative to the control furmn systemn in cach
catchment.
n/i = not applicable.
n/r = not relevant.

"Projected 1o increase P oor N losses from these model farms due (o
change from land application of FDE {o treatment via an APS.
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farms would be most cost-effectively achieved by using a
low rate application system (or irrigating FDE to land out
of the existing two-pond treatment system. In the Bog Burn
calchment the most cost-effective measures are. in decreas-
ing order of cost-efTectiveness, (i) the use of a less soluble
form of P fertiliser (although this is estimated to reduce
farm P losses by only 5%). (ii) low rate irrigation of FDE,
(111) applying effluent in small application depths and (iv)
using a delerred effluent irrigation management strategy.
The most cost-elfective measures for reducing N losses
from dairy farms in the Bog Burn calchment are. in
decreasing order of cost-effectiveness and assuming that
nitrification inhibitors and wintering pads are already
adopted as BMPs: (i) a restricted autumn grazing regime,
(i1) reducing N fertiliser inpuls. and (iii) importing low N
feed supplements. This ranking contrasts with that
observed for the other catchments, where restricted winter
grazing (Toenepi). eliminating fertiliser N inputs (Waio-
kura) or importing low N [eed supplements are the next
most cost-effective N mitigation measures after nitrifica-
tion mhibitors.

In addition to the cost-effectiveness data described in
Table 5. farm context is also an important consideration
when mitigation measures are being deliberated and
prioritised (Bewsell and Kaine, 2005, 2006). Some changes
Lo management systems require infrastructure that may not
be present on the existing farm, or the additional
mlrastructure required may serve a useful secondary
role that is of benefit to the farmer, There are at least
two obvious examples of this relevant to the catchment
case study farms evaluated here. The first 1s the mtrodue-
tion of a low rate application system for irrigating FDE Lo
land in the Toenepi or Bog Burn catchments. In the case of
the Toencpi farms, the two-pond system is already present,
thus providing storage and solid separation functions
that are beneficial to the operation of the low rate effluent
management system. As a consequence, the main addi-
tional nfrastructure required is limited to the irrigation
pump and pipe-work, in contrast to the Bog Burn farms
where effluent is typicully pumped [rom a sump with very
little effluent storage provided. A second example is the
introduction of a wintering pad system to farms in the
Bog Burn catchment. Although we have discussed
the merits of this management system within the context
of a water quality issue, the use of such pads has a number
of other features that will influence farmers” adoption of
this technology. Other positive features of wintering pads
imclude an  increased sense of control over stock
wintering practices and thus stock health (for some
farms this herd management aspect is often contracted
out to other non-dairy [arms over winter). and the
availability of a pad system for grazing-oll cows
dur{ng wet spt'ing pcriods when soil and pasture ll'eading
damage is a problem. On the other hand. the logistics
of handling large volumes of effluent captured in the
loafing areas of such pads adds complexily to the farm
operation.

5.1 Implicationy for greenhouse gas emissions and energy
lse

The wider environmental consequences of introducing
mitigation options is another important consideration for
prioritising their on-farm adoption. Therefore, total green-
house gas (GHG) emissions and energy use were also
estimated for each mitigation option documented in Figs. 4
and 5. The P source mitigations did not have any impuct on
total GHG emissions from the case study farms. Due 1o a
lack of data on methane (CH,) and nitrous oxide (N:O)
emissions from Advanced Pond Systems. GHG emissions
under this management scenario were assumed 1o be
similar to those modelled (or the average farms. With
respect to the N source mitigations, the largest reductions
were achieved with the nil N fertiliser option, where total
GHG emissions from the case study [arms were reduced by
17-31%. The largest reduction was achieved in the
Waikakahi farm, which reflects the relatively high amount
of N fertiliser use in the case-study farm in this catchment.
The reductions in the other catchments were all around
17%. Although this mitigation option currently meurs a
small reduction in farm profitability (Fig. 5). potential
savings associated with a reduction in GHG emissions
could tip the balance. Although there is currently no
mechanism in New Zealand to accrue these potential
savings. at an assumed value of $25/t COs-equivalent. farm
EBIT values are similar to those of the case study farms.

Total on-farm reductions in GHG emissions achieved
under the low N feed and the nitrification inhibitor options
were similar at 5-14% and 6-11%, respectively. Although
the use of nitrification inhibitors was assumed (o reduce
direct emissions of nitrous oxide by 75% (de Klein et al.,
2006). total on-farm reductions were much smaller due to
an increase in both CH,; and carbon dioxide (CO»)
emissions. Nitrification inhibitors do not directly affect
emissions ol these latter GHGs, but their use was estimated
to result in an increase in pasture production, feed intake
and thus milk production. therefore increasing CH,4 and
CO; emissions. When expressed per unit of milk produc-
tion. the use ol nitrification inhibitors reduced GHG
emissions by about 15% for all case study farms. The
restricted autumn/winter grazing option did not have a
substantial impact on the total GHG emission of the case
study farms, with emissions being either reduced (North
Island farms) or increased (South Island farms) by about
3%. The winter pad option increased total GHG emissions
on all case study farms by 2-8%. In practice, these winter
management options may reduce soil damage from animal
treading which has been shown to decrease N>O emissions.

In terms of energy use, our analyses showed that
restricted autumn/winter grazing and nitrification inhibitor
managemen! interventions slightly increased total larm
energy use by 1-3% and 3-7%. respectively. In the North
Island catchments the winter pad option substantially
increased energy use (by aboul 16%) due 1o the increased
energy requirement for harvesting pasture and feeding out
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on the winter pad. In the South Island catchments. this
increase in energy use was largely ofT-set by a reduction in
energy use required for the transport of animals to and
[rom the run-off wintering area and. more importantly. for
cultivation of the off-farm winter forage crop. As a result.
total farm system energy use under the winter pad option
in the South Island catchments increased by only 1-3%.
Large reductions in energy use were achieved under the low
N input and low N feed options of 23-45% and 7-24%,
respectively, due to the substantial reduction in the use of
N fertiliser, which has a high energy cost associated with its
production. These large reductions make the low N options
less sensitive to any future increases in energy costs.

6. Summary

The on-going intensification ol dairy Farming systems is
placing increased pressures on soil and water resources. As
such. improved management systems that reduce the
environmental impacts of this intensive land-use are
continually sought, and with some urgency in regions
where water bodies have been identified as particularly
sensitive to [urther nutrient enrichment. Research efforts in
the past 1015 years have identified a range of management
interventions that can reduce nutrient losses from dairy
farms at source. Evaluation of these management mitiga-
tions shows that these options vary both in cost and
effectiveness. Some management interventions. such as the
use of nitrification inhibitors and limiting soil P fertility to
economically optimal levels, can deliver win-win outcomes
whereby nutrient losses are reduced whilst dairy farm
profitability is improved. For many other interventions,
however. a net cost is often incurred. In the case of many of
the mitigations thal target reductions in sources of P lost
from dairy larms. these costs are relatively small and
typically less than 4% of farm EBIT values. These
measures are projected Lo deliver reductions in P loss {rom
farms ol between 28 (Bog Burn farms) and 32%
(Waikakahi farms). Similar outcomes are evident for the
implementation of a range of N mitigation strategies,
although some are noted to incur greater cost than
observed for the P mitigation strategies evaluated. Due to
the contrasting physical resources and management sys-
tems present in the four dairy catchments evaluated here,
management interventions need to be considered on a
catchment-by-catchment and farm-by-farm basis.

As a concluding remark, we note that evaluation of the
whole dairy system (i.e. dairy farm and associated land
used for feed production) was an important scale of
analysis when altempting to determine the cost-effective-
ness of a range of mitigation options. This scale of analysis
adds considerable complexity to the behaviour of the dairy
system under evaluation. Because detection ol experimen-
tal responses in replicated systems at this scale is very
difficult 1o achieve, much reliance is thus placed on
modelling tools that attempt to simulale system responses
in response to a change in land-use management. This

introduces at least two levels of uncertainty; the first
concerns our understanding of hew systems work and
interact. and the second concerns the human factor of how
[arms are actually managed on a day-to-day basis. In t¢rms
of the former. based on our current state of knowledge. we
currently have more confidence in model predictions of N
losses from dairy farms than P, and in-turn considerably
more confidence in P loss predictions than faecal bacteria.
In terms of the human factor, uncertainty could be reduced
by more rigorously surveying larmers' decision making
processes regarding tasks such as effluent irrigation
scheduling and fertilization timings.
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Abstract

Source walter protection planning (SWPP) is an approach to prevent contamination of ground and surface water in watersheds where
these resources may be abstracted for drinking or used lor recreation. For SWPP the hazards within a watershed that could contribute to
water conlamination are identified together with the pathways that link them to the water resource. In rural areas, farms are significant
potential sources of pathogens. A risk-based index can be used to support the assessment of the potential for contamination following
guidelines on safcty and operational efficacy of processes and practices developed as beneficial approaches to agricultural land
management. Evaluation of the health risk for a target population requires knowledge of the strength of the hazard with respect to the
pathogen load {(mass x concentration). Manure handling and on-site wastewater treatment systems form the most important hazards.
and both can comprise confined and unconfined source elements. There is also 4 need to understand the modification of pathogen
numbers (attenuation) together with characteristics of the established pathways (surface or subsurface), which allow the movement of the
contaminant species from a source 1o a receptor (water source), Many practices for manure management have not been fully evaluated
for their impact on pathogen survival and transport in the environment. A key component is the identification of potential pathways of
contaminant transport. This requires the development of a suitable digital elevation model of the watershed for surface movement and
information on local groundwaler aguifer systems for subsurface flows. Both require detailed soils and geological information. The
pathways to surface and groundwater resources can then be identified. Details of land management. farm management practices
(including animal and manure management) and agronomic practices have to be obtained. possibly from questionnaires completed by
cach producer within the watershed. To confirm that potential pathways are active requires some microbial source tracking, One
possibility is to identily the molecular types of Escherichia coli present in each hazard on a farm. An essential part of any such index is the
identification of mitigation strategies and practices that can reduce the magnitude of the hazard or block open pathways.

1 2007 Elsevier Ltd. All rights reserved.

Kevwords: Source water protection; Risk index; Manure: On-site waste treatment systems; Microbial pathogens: Persistence: Transport: Attenuation;
Pathways: Barriers

1. Introduction = health arise where water is used to irrigate fresh market

crops. Evaluation of the health risk from a water resource

Source water protection planning is an approach to
prevent contamination of ground and surface water in
watersheds. Contaminated potable and recreational waters
pose a direct threat to human health. Indirect threats to
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(Collins and Rutherford, 2004; Gale, 2005) requires
knowledge of the strength (pathogen load) of the hazard.
and understanding the modification of pathogen numbers
(attenuation) together with characteristics of the transport
pathways (surface or subsurface).

Animal production and feeding operations represent
significant potential source of pathogens (Center for
Disease Control and Prevention, 1998; Duffy, 2003; Gessel
et al., 2004: Gerba and Smith. 2003). Pathogens of greatest
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Table [
Characteristics of diseases caused by pathogens that can origimate from
[arm waste (hased on CAST, 1994)

Puthogens Disease severity Fatality No. of cells 1o
case rafe cause illness
(%)

E.ocoli 015717 Moderute-severe 2.0 <10°=10"CFU

Salmonelia Mild-severe 0.1 1-10°CFu
Campylobacrer Mild Moderate 0.03 soocCru
Criptasporidium Moderate-severe 10-30 Oocysts
Crivtrdion Mild-Moderate 10 Cysts

concern are shed into the environment in great numbers,
are highly infectious to humans and other animals at
relatively small doses (Table 1), survive and remain
imfectious in the environment for a considerable time
(Avery et al., 2005; Kearney et al.. 1993; Hutchinson et al..
2004). tend to be resistant to water treatment (Erlandsen
and Maver, 1984) and thereby increase water treatment
costs. Infectious. water-related diseases are a major cause
of morbidity, with an estimated 1.6 million deaths world-
wide (WHO. 2003), Contaminating species include the
parasite Cryptosporidium parvum, viruses and bacterial
pathogens. In May of 2000 the town of Walkerton,
Ontario, experienced the largest waterborne disease oul-
break in Canada. The town water system was contami-
nated with pathogens that originated in manure and
resulted i 2300 cases of gastroenteritis and seven deaths
(O'Connor, 2002). Despite a thorough judicial inquiry, the
actual pathway between the possible microbial sources and
the groundwater could not be confirmed. Pathogen die-off
in soil is potentially huge (reduction >10™") and therefore
soil represents a major barrier that helps to protect water
resources (Gale. 2005). However. soil processes can be
compromised and there i1 a need to develop indicator
[rameworks that allow semi-quantitative risk assessments
to be made for pathogens until information accrues that
will permit a full quantitative analysis. An essential part of
any index is the identification ol mitigation strategies and
practices that can reduce the magnitude of the hazard or
block open pathways between source and waler resource.
This paper describes the sources of pathogen contamina-
tion that can exist on farms and the processes that help
altenuale pathogens and protect water resources.

2. Agricultural sources of pathogens (hazards)

Sourges of laecal contaminate are diverse, and include
confined and distributed sources (Joel and Karns, 2000).
Distributed or unconfined sources include faeces deposited
by pastured animals and wildlife, together with recognised
organic amendments. such as manure and sewage bio-
solids. Partially confined sources include animal feedlots,
animal housing and manure storages. and on-site waste-
water treatment systems (Wyer et al., 1996; Jones and

Obiri-Danso. 1999). Many sources are subject (o some level
of control depending on decisions of the farmer.

Pathogens in manure. septage and sewage hiosolidg
include Listeria, Campylobucter, Safmonella, Eschierichia
coli (E. coli) OIST:HT. Cryptesporidivm and  Giardia
(Hinton and Bale. 1991; Mawdsley et al., 1995; Pell.
1997: Wallis et al., 1996). Animal manure may contain
disease organisms that are particular to the animal group
but can also contain zoonotic disease organisms, Organic
wistes become contaminated with human disease organ-
isms coming from wild animals or because of failure in the
segregation of waste streams. A small concentration of
disease organisms relative to the total number of microbes
has resulted in the use of indicator organisms. which
provides un carly warning that human pathogens may also
be present. The enteric bacterium. E. coli, represents a
reasonably effective indicator ol the microbial quality of
municipal drinking water (Medema et al., 1997) and
domestic rural wells (Raina et al., 1999). E. eoli concentra-
tions of 10% to 10'"cfu per gram dry weight of freshly
excreted [aeces are three or more orders of magnitude
greater than the upper values reported lor pathogenic
species.

A number of factors. including health status, animal
type. age. diet, stress level and season determine the
pathogen shedding rate (Joel and Karns, 2000: Nicholson
et al., 2005: Russell et al.. 2000; Bach et al., 2005a). The
number of animals carrying or shedding pathogens at any
one time varies in and between herds. Antibiotic treatment
can induce shedding of infective material in some organ-
isms (e.g. E. coli O157:H7) (Gyles. 2000). while a change of
diet and feed regimes can have the same effect (Russell
et al., 2000). Animals carrying zoonoses, such as E. coli
O157:H7 may be symptom-free, so producers may be
unaware that a problem exists. Pathogen concentrations in
faeces may be reduced by employing probiotics (Fuller,
1999). vaccine technology (Glass, 2004) or the use of
bacteriophages specilic to an individual species or strain
(Raya et al., 2006),

2.1 Confined and semi-confined sources

Domestic wastewater in rural areas is often treated by
septic or other on-site wastewater disposal systems
(OSWDS). Cleaning waler from milking parlours and
[ood processing facilities may be handled in the same way.
Contaminants are mnitially confined in a tank, which retains
solids and allows primary digestion to take place. while
water and soluble materials seep into the soil (rom a
distribution system.

Many outbreaks of waterborne decease can be traced (o
improperly functioning or poorly positioned OSWDS
(Hagedorn et al., 1981). The capacity of soil to absorb
effluent water is an important property; too rapid a
flow can allow significant numbers of pathogens to move
to groundwater (Yates, 1985). OSWDS need appropriate
soil characteristics. topography and horizontal distance
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to water courses (o be effective in minimizing contamina-
tion (Day. 2004). Critical design parameters therefore
inciude the depth to the water table or to bedrock and
permeability of the subsurface soil, with wet soils (or those
subject to inundation) or steeply sloping sites enhancing
the likelihood that open pathways for transport will be
present.

Key potential sources of pathogens on farms are those
associated with the management of animal manure.
Manure management can directly control pathogen load
and indirectly influence survival and transport of patho-
gens from the soil to water resources through modifving
the microbial environment. Housing animals and poultry
usually requires some temporary storage of manure within
the barn, before tansfer (o longer-term storage in
readiness [or land application. Faeces from livestock in
outside pens or corrals are only partly confined unless
runoll water is collected.

Storage changes bacterial populations. A slurry store or

solid manure heap is likely to consist of excreta of

different ages and may even come from different barns.
Rates of pathogen decline in manures can be alfected by
diet, which also determines both physical and chemical
properties of faecal und storage conditions (Placha et al..
2001). Nicholson et al. (2005) concluded that tempera-
ture, aeration, pH and dry matter content. determine
pathogen declination rates during storage. However.
many of these factors vary with management practices.
Cryptosporiditim parcum oocysts survived in stored slurry
despite the high levels of ammonium (Fleming et al., 1997).
Giardia appears to be sensitive to [reczing. whereas
survival of other pathogens is enhanced. Temperatures
above 30°C generally reduce survival times and few
organisms appear to survive [or long in dried manure
(Table 2).

Cattle slurry and poultry excreta contain concentrations
typically about ten times greater than in pig slurry (Nodar
et al., 1990). Initially, populations of viable organisms
decline abruptly (Nodar et al.. 1992) although persistence
ol E. ¢coli O157:H7 (Bach et al., 2005b) can be more than 30
days at 22-23°C, and even longer at lower temperatures
(Kudva et al., 1998). E. c¢ofi O157:H7 survived (or 21
months in an outside manure pile stored under fluctuating

Tahle 2

environmental conditions: survival was shorter in slurries
and organisms were undetectable alter 5 days incubation at
23°C (Kudva et al.. 1998).

Manure treatment on farms can be through composting,
both in-vessel and in windrows, which requires that a
temperature above 55 C be maintained long enough to
kill pathogens (St. Jean. 1997). Mechanical separation of
coarse solids from slurry produces a material that
can be stacked and composted, with liquid being treated
independently. Cryprosporidium oocysts introduced to
residual liquid separated from cattle slurry became non-
viable after 4.1 days (Read and Svoboda, 1995). Anaerobic
digesters are in use. where the temperature [or the process
is either at ambient. when bacteria are not killed, or at
temperatures of at least 55°C. when pathogens are killed.
Survival of 10% of E coli and Campylobacter jefuni
(C. jejuni) for longer than 50 days (Kearney et al., 1993).
and for bovine enterovirus, longer than 13 days (Monteith
et al., 1996), occurred at temperatures below 40°C. Lime
treatment (addition of quick or slaked lime) to raise the pH
to 12 for at least 2h (Table 3) has also been used for
septage.

Structural reliability of containers for manure or
domestic wastewater needs to be included in the risk
assessment. The majority ol storage systems are open-
topped. so they collect precipitation but allow free gaseous
exchange. Poor maintenance and earthen storages can
lead to groundwater pollution (Rowsell et al. 1985:

Table 3
Effect of treatment on the survival of bucteria (based on Millner. P.,
Personal Communication. March 2003)

Treatment Log reduction Stress

Lagoon -3 Time
Constructed wetland 23 Time, Altration
Deep stack (composling) 1-? NH;. heat
Digestion - mesophilic 12 Time; heat
Digestion - thermophilic 5

Composting -3 Heat, time

Air drying 1=2 Dessication
Heat drving 4-3 Heat. dessication

Time, heat
-5 Heat, NHy

Paslenrizuation
Alkaline process

Yad

Persistence of potentially pathogenic organisms in manure (based on Wang et al.. 1996: Jiang et al.. 2002: Bach el al.. 2005a)

Organism Persistence under experimental conditions (days)

Frozen 5°C ¢ Liguid manure Composl DPried
£ocoff =100 > 100 10 100 7 !
Salmanella = 150} 150 28 75 14 T
Cumnp ylobetor 50 21 7 100 7 |
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Barrington et al.. 1991). Earthen storage. in areas with
shallow bedrock. pervious soils. and shallow water tables
endanger water supplies unless artificial liners are used
(Barrington et al.. 1991). Problems with liquid manure
storage systems contributed 17% ol 229 listed manure
spills recorded in Ontario (Blackie. M. Personal Commu-
nication, December, 2000).

Storage volume is an important issue: 34 ol 38 manure
spills were associated with problems from stored manure in
the Southwestern Region of Ontario between 1988 and
1999. Limited storage (e.g., < 180 days) increases the risk
ol spreading during conditions that can lead to environ-
mental contamination (Fleming and Fraser, 2000). Spillage
around stores represents a lurther source of contamination
(Rudolph. 2003).

2.2, Unconfined sources

Direct animal access to water bodies poses a clear risk of
contamination (Gary et al.. 1983), which can be lessened by
providing alternative drinking points. Behaviour of live-
stock s also important (Duncan et al., 1998; Veira et al.,
2003). Direct voiding of faeces into streams can increase
survival rates (Davies et al.. 1995) as rapid sorption onto
bed sediment can occur (Whiteley. 1998). Nevertheless,
bacterial concentrations of 10mL~' have been found
20 km downstream from a source of contamination (Feresu
and Van Sickle, 1990). Access to streams also allows
animals to disturb the sediment. causing the release of
stored pathogens into the water.

The majority ol contamination inecidents of water
courses m the Southwestern Region of Ontario between
1988 and 1999 were related to land application of manure
(Blackie, M. Personal Communication. 2000). Liquid
manure is transported from storage to the ficld via
pipelines, tanker-trailers, or custom truck-spreaders. There
are three main methods of applying manure and biosolids:
broadcasting, irrigation, and injection. Application method
is important for the potential movement of pathogens.
Liquid manure is applied to the soil surface of arable land
or injected below the soil surface. The latter reduces the
likelihood of any pathogens becoming airborne during
spreading. Broadeast application of liquid manure from a
tanker has resulted in fewer than a third of the problems of
surface waler contamination encountered with the use of
spray irrigation. Failure of equipment associated with the
land application caused 27% of manure spills that resulted
in contamination of waler courses in the South Western
Region of Ontario between 1988 and 1999 (Blackie. M.
Personal Communication. December, 2000),

Solid manure is typically applied by surface spreading,
which then requires a sccond tillage operation for
meorporation. Crane et al. (1983) concluded that land
applicalion of organic waste can significantly increase
bacteria contamination of surface water from runoff.
especially i’ farmers do not follow wise management
options and safety precautions. Results from the Ontario

Farm Groundwater Qualfity Survey indicated that farmstead
drinking water wells were more likely to be contaminated
where manure was spread (Goss et al., 1998: Rudolph et
al., 1998).

Factors to consider in relation (o timing of application
include the risks from soil compaction. likelihood of rumoff
and nutrient loss. Limited manure storage on many farms
means the common periods for application are the fall.
winter, and spring. Spring application may be limited by
soil wetness, while [all or winter applications tend Lo result
in longer survival times.~The likelihood of bacteria moving
into water resources declines with time aller manure
application due to die off. which takes longer in manure
applied in late fall. shortly before any freeze-up. Applica-
tion as a side dressing for maize (Zea mays L.) (generally in
mid-June. when soils are relatively dry and warm) results in
the shortest period of survival. In the first day after
applying liquid manure, more bacteria may be lost in
overland flow from no-till land than from ploughed land,
but the rate of decline in the concentration ol bacteria in
the runofl water can also be greater (King et al.. 1994).

The most [requently reported route by which liquid
manure can contaminate surface water courses is outilow
from tile-drain systems (e.g.. Fleming and Bradshaw, 1991,
1992a. b). After liquid manure application. bacteria move
rapidly to the tile drains, particularly if’ soils are close to
field capacity or alter injection (Foran et al., 1993). Of the
manure spreading events investigated by Dean and Foran
(1991). 75% resulted in waler quality impairment. It iy
difficult to determine an acceplable rate of liquid manure
application. due to the numerous lactors which influence
the potential for contamination of walercourses (Foran et
al.. 1993). Routine inspection ol tile drain outfalls during
manure application could reduce adverse impacts on water
quality. Pre-tillage ol soil before spreading liquid manure
can disrupt pore continuity and minimize the direct
impacts on tile-drain quality (Fleming and Bradshaw,
1992b).

3. Persistence of pathogens in the environment

A number of factors influence the survival of pathogens
lollowing land application of manure: properties ol the
soil, availability ol nutrients (including carbon) and
interactions with soil biota (Abu-Ashour et al., 1094).
These interactions include competition with and predation
by indigenous soil micro- and meso-organisms. The
application medium also affects the survival of bacteria.
For example. Ostling and Lindgren (1991) found that
20-40 times more indigenous Bacillus spores were present
on manured crops than on un-manured crops. and these
numbers remained constant with time to harvest. However.,
bacteria originating in the manure itsell. such as Clostri-
divm. some coliforms, and E. coli, all declined with time
after manure application. Thehn and Gifford (1983)
showed that when freshly voided manure was subject Lo
rainfall simulation within 5 days. the concentration of
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faccal coliform bacteria in runofl was in the order
of 10 mL™". but this number declined to 400 mL ™" after
30 days.

Using four undisturbed 50cem clay loam cores. Unc
(2002) demonstrated that up to 80% of the bacteria applied
with liquid swine manure was recovered in the drainage
water. On the other hand a significant proportion of the
faecal bacteria applied with the solid beel manure were
retained within the manure matrix.

Once in surlface walter, the survival of £ cofi (ETEC),
C. jejuni and Yersinia enterocolitica is such that this can be
a persistent venue for transmission between animals and
humans (Terzieva and McFeters, 1991). However, the
survival of pathogens in water and soil is very variable
(Feachem et al., 1983) and dilfers between species. Among
bacteria. many Gram positive organisms [orm resistant
spores, whereas in Gram negative organisms the physiolo-
gical adaptation to environmental stress may involve the
reduction in cell size and metabolic rate (Roszak and
Colwell, 1987). Some pathogenic bacteria can survive in a
dormant state in soils and water but cannot be grown in
conventional media (i.e. viable but non-culturable) (Byrd et
al., 1991).

Soil parameters that modily survival of non-indigenous
bacteria and viruses include soil pH. soil water content.
organic matter content, soil texture. temperature. avail-
ability of nutrients, adsorption properties of the soil
(Gerba et al., 1973; MacLean, 1983; Cools et al., 2001).
Bacteria can survive longer in cold soils and fine textured
soils (Fenlon et al.. 2000). In cold soils (<3 °C) E. coli can
survive for up to 100 days. Survival of Enterococcus spp.
was longer than that of E. cofi at 5°C, while the opposile
was true at 15°C and 25°C (Cools et al., 2001). However.
these authors also reported that while Enterococeus spp.
survived longer in loamy soils than sandy soils at 25 °C, the
reverse was true lor E. coli. Gaglardi and Karns (2000)
reported that E. cofi O157:H7 was able to replicate in and
migrate through cores of various soil types. Numbers ol the
pathogen in leachate correlated with ammonium and
nitrate levels. and the numbers exceeded inoculum levels
in all treatments (i.e. soil types, tilled and no ull, and
rainfall amounts) except in intact clay loam cores
(Gagliardi and Karns. 2000). Survival of non-pathogenic
E. coli exceeded 60 days at 25°C and 100 days at 4°C
(Rogosian et al., 1996) and may be extended beyond that
by residing within soil protozoa (Barker et al.. 1999).

It is Likely that at least part of the effect of soil texture is
related (o the water-holding capacity (Sadovski et al..
1978), Cools ¢t al, (2001) found that the best survival of
E. coli and Enterococeus spp. occurred in soils close to field
capacity. Mubiru et al. (2000) showed that at the same
gravimetric water content, the matric potential was lower
in a qilt loam with a clay content of 0.25 gg ' than one with
012gg ' and the survival times for £ coli and E. coli
O157:H7 were also shorter. Campylobacter species appear
to have somewhat shorter survival times than £ cofi
C. fejuni survived in soil for at least ten days but this

number could double when the ambient temperature
decreased to 6°C (Lindenstruth and Ward. 1948).

Sunlight reduces the survival of bacteria and viruses in
soil directly through the effect of UV light and as a result ol
drying (Yeager and O'Brien. 1979; Sinton et al., 1999;
Gerba and Bitton, 1984: Mubiru et al.. 2000). Cumpylo-
hacter remains viable in a range of environments at 4 °C for
up to 7 days (HMSO. 1993). Other environmental
constraints include its inability to tolerate desiccation.
low pH (<pH 35). exposure to O, and UV light (HMSO.
1993). About 100 days is the longest survival lime reported
for enteric viruses.

The survival potential ol E. coli in the absence of water
stress was shown to be at least 200 days and was not
dependent on the initial concentration of E. coli in the
applied manure (Unc and Goss. 2000a). Solid beel manure
accelerated microbial activity immediately after application
and increased the initial number of £ coli, but also
shortened the survival length compared to liquid swine
manure (Fig. 1). Solid manure led to decreased survival at
all incubation temperatures considered including freezing,
The impact of hquid manure on bacterial survival
following freezing secems Lo vary with soil type (Fig. 2).

After 48 h. a population ol Salmonella. introduced to soil
containing earthworms. was reduced by a factor of four
compared with Salmonella in a worm-{ree soil. Earthworms
also caused a small reduction in the population of the
indigenous soil bacteria. Free living protozoa. nematodes.
and the soil bacterium Bdellovibrio are also predalors of
bacteria in the soil (Peterson and Ward. 1989). On average.
10% of laecal coliforms and faecal streptococci were still
present in the soil 1l and 14 days respectively after
application of pig manure (Chandler et al.. 1981).
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In surface waters, sunlight reduces the longevity of
bacteria, whereas factors. such as turbidity that decrease
the transmission of light tend to increase survival time
(Aramini et al.. 2000). Campylobacter survival rates in
freshwater can be up to 4 months with survival greatest at
4°C (Rollins and Colwell, 1986; Thomas et al., 1999),
Survival time, however, is highly dependent upon strain
type. previous growth conditions. water quality, and
environmental conditions (Buswell et al.. 1998, 1999).

4. Pathways between hazard locations and water resources

Pathways are the routes that can bring aboul the transfer
ol pathogens at a source to the receptor (watercourse).
Identification of pathways are required to build process-
based predictive tools or to design strategies to prevent the
contamination of water sources. Overland flow is one of
the principal mechanism by which faecal pathogens reach
surface waters (Davies et al., 2004). Significant numbers of
hacteria reach groundwaler by infiltration through soil and
any underlying rock strata (Joy et al.. 1998).

Water is the primary agent determining the movement of
contaminants. Where precipitation (rainfall or irrigation)
exceeds infiltration rate, ponding can promote preferential
flow. Other preferential flow routes that develop include
cracking soils, root and earthworm channels (Goss et al.,
1984). Freeze-thaw cycles may also result in fractures. The
mstallation of tile drains also provides some continuous
porosity between the soil surface and the drain. The soil
pore characteristics determine the ability for rapid conduit
between the field and the surface water body into which the
tile draing discharge. For example, preferential flow
through macropore allowed manure hquids to move
into subsurface drains within an hour after application
(Fleming and Bradshaw, 1991, 1992a. b).

Manure can affect the partitioning of water in the period
immediately after land application. but the direction of the
change depends on both the manure type and the soil type.
In loamy and finer-textured soils. the application of dilute
liquid manure can both encourage surfuce runoflf and
enhance preferential flow. Until solid manure has been
incorporated, it acts as mulch and encourages infiltration
rather than surface runofl (Unc and Goss, 2006b).

The overland flow pathway can be moderated by
practices that reduce surface runoll from unconfined or
partially confined pathogen sources. Distance and land
slope between hazards and water source determine the
pathway potential (Fraser et al., 1998; Stephenson and
Street 1978). Vegetation. crop residues and soil clods can
reduce significantly source waler contamination by trap-
ping bacteria (Collins and Rutherford, 2004), while bare
sonl inereases overland flow and reduces re-deposition of
pathogens (Davies et al.. 2004). Vegetated buller strips are
most effective when they increase infiltration into the soil,
and this also increases their efficiency of contaminant
removal from surface runofl (Coyne et al.. 1998).

The other hydraulic pathway along which pathogens
move involves movement through the soil matrix or at least
through the pore system. However, attenuation of pathe-
gens through the processes of adsorption, filtration and
absorption (Medema et al., 1997; Collins and Rutherford,
2004) is dependent on soil's physical and chemical proper-
ties and land management (Xin and Boll. 2003: McKay el
al.. 2002: Huysman and Verstraete. 1993; Smith et al..
1985). Pathogen movement is also affected by chemical and
physical properties of the waste (Une and Goss, 2004).

Most enteric pathogens reach the soil in the biosolid
malterial that contained them. Bacterial retention and
transport depend on the hydrophobic and hydrophilic
mteractions between the cell surface., soil mineral and
organic surfaces and the soluble and suspended compo-
nents in the soil solution. Factors influencing the elfective-
ness with which soils retain bacteria and viruses include
cation concentrations, clays. soluble organic concentra-
tions, pH. isoelectric point of the viruses. and general
chemical composition of the soil. Investigations conducted
by Unc (2002) on bacterial transport through soils
following land application of liquid swine manure and
sold beef manure indicate that initial retention of faecal
bacteria in soils can be enhanced at high ionic strength of
the suspending solution after land application of manure.
Subsequent dilution of the soil solution by incoming rain
or irrigation favours re-suspension of initially retained
microbial cells. However, presence of biosolids colloidal
matter cancelled some of the effects of the increased ionic
strength, favouring particle transport through the vadose
zone. Thus, despite the complexity of the interactions
between bacterial cells soils and suspending solution,
organic matter in the biosolids reduces the variability in
the retention behaviour given by the intrinsic properties of
charged particles (i.e. bacterial cells). Initially charged
particles are therefore more likely to remain in suspension
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und penetrate deeper into the soil profile in the presence of
suspended organie matter than they otherwise would.

5. Siructure of the risk indicator

The risk of contaminating drinking water from a
resource within an agricultural watershed depends on the
number and size of pathogen sources, the existence of an
active transport pathway, and any attenuation that occurs
dalong the pathway (Fig. 3). The first component of an
index of risk [rom pathogens is the identification, locating
and sizing of each potential hazard. This requires the
establishment of an inventory of confined and diffuse
sources that exist on each farm in the walershed.
Principally, this requires obtaining the locations and size
of manure storages and OSWDS. Such information may be
available from aerial photographs or satellite imagery. and
the necessary validation of the interpretation is all the new
malerial that would be necessary. Because of the influence
of animal species, age. and management on the shedding of
pathogens. the pathogen load in each hazard needs to be
determined as a function of anmimal type, numbers and
demography. In some jurisdictions, the required informa-
tion on animals is available from census returns; in others it
will need to be collected through questionnaires sent Lo
producers. Basic information on animal and land manage-
ment practices may well be obtained through the same
mechanisms,

The second component is a compilation of information
of die-off and growth rates for the different pathogen
species in the different locations and media within potential
pathways of movement. The boundaries between locations
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Fig. 3. Schemate drawing ol the components of the pathogen risk index.
Arrows helow the framework indicate farmer decisions. Arrows within the
framework indicitte potential pathways for puthogen movement.

and media are polential barriers to further movement. The
attenuation in pathogen numbers across these boundaries
needs also to be compiled. In combination, these data sets
permit the reduction in the strength ol the threal over Lime
to be calculated for each pathogen at each location in the
farm environment as they move from the point of excretion
along defined pathways and reach the dilferent barriers in
the farm system. The barriers that need to be identified
along the pathogen migration pathway include the delay
between excretion and entry into temporary and longer-
term storage. length of storage and treatment. conditions
after land application and barriers during transport by
infiltration or overland flow from a manure source and
from a septic system source. A survey of [arm management
practices would help quantify the factors that influence the
duration of passage along identified pathways. A climatic
assessment tool is needed to identify the likelithood of
significant transport events.

The third component is the identification of potential
pathways from each source to the key water resources.
Surface pathways could be identified using an established
digital elevation model ol the catchment together with soil
and geological maps. The outcomes are locations of surface
flows that intersect with surface water courses as well as
those that lead to receiving locations, which form recharge
foci for groundwater. To determine which pathways are
active requires the implementation of a microbial source
tracking protocol (Goss and Dunfield. 2004). Essentially.
this likely requires molecular techniques to establish that
microbes in the target water resource are ol the same type
as those present in any of the principal hazards on a given
farm. Ideally, the same organism should be identifiable at
an intermediate point along the pathway.

6. Conclusions

The development of a risk-based index of the potential
for pathogens [rom agricultural activily Lo impacl source
waters is required as an interim stage in the establishment
of a fully quantitative microbial risk assessment approach
to source waler protection. Based on the incidence of
manure spills, unconfined sources are far more likely to
pose threats to water resources, bul the failure of conlined
sources can deliver very large loadings. There are
significant limitations to identily and quantily the robusi-
ness of different barriers in attenuating the movement of
pathogens. Particular emphasis needs to be put on the
monitoring of subsurface drainage outfalls. as these can
provide a direct link between preferential Hlow paths m the
soil with surface waters.
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Abstract

A simple model predicting bathing water concentrations of Escherichia coli from livestock in the [rvine catchment in SW Scotland has
been adapted for intestinal enterococei (IE). This has been used to predict risk of bather illness by extrapolation of published data on
bather IE exposure vs incidence of gastro-enteritis. Simulated reduction in the risk of illness by reduced faecal loading was multiplied by
a willingness to pay for risk reduction to estimate the annual benefits of mitigation. Health benefits of reducing loading by 75% at Irvine
Beach were estimated by a willingness to pay method to be about £276k pa. Estimated annualised costs of diffuse pollution mitigation
measures across the catchment were higher (=£1m), and it is very unlikely that 75% mitigation is achievable with current stocking rates.
Further work should explore the influence of uncertainty of model parameters. and use emerging epidemiological information on specific
zoonotic pathogens such as £ coli O157 and Cryptosporidium. Other components of the value of clean water should also be included to

obtain a complete estimate of the cost:benefit of mitigation.
i 2007 Elsevier Lid. All rights reserved.

Keywaords: Intestinal enterococei: Risk nssessment: Bathing water; Valuation: Livestock

1. Introduction

Iligh losses of faecal indicators to surface water make
recreational bathing waters in SW Scotland vulnerable to
microbial contamination (e.g. Kay et al., 2007; Vinten
et al., 2005; Crowther et al., 2002). This is a significant
public health 1ssue (Lipp et al.. 2001). and causes failure to
meet EU Bathing Walters standards (EEC. 1976) which are
designed to protect human health and ensure aesthetic
standards for beaches. There are many ways Lo address the
problem and socicty should adopt solutions that balance
the costs and benefits. A large amount of current research
is exploring applications of farm  best management
practices (BMPs) to reduce agriculture’s contribution of
[aecal bacteria to coastal bathing waters (e.g. Cuttle et al..
2007, Dickson ¢t al., 2003; Kay et al., 2007; Vinten et al..
2006: Haygarth, 2005). The EU Water Framework

“Corresponding aunthor. Tel: +44(0) 1224 498200,

Foinil address: avintent@macaulay.acuk (AJA. Vinten).

B301-4707/8 - sze front matter © 2007 Elsevier Ltd. All rights reserved.
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Directive (WFD) makes provision that if costs of mitiga-
tion are disproportionate. water qualily mitigalion can be
derogated, at least temporarily. The provision of evidence
of disproportionality can be done by assessing the relative
costs and social benefits of pollution control. It is also
important to recognise that ecological response to pollu-
tion control is highly non-linear. and aiming at inflexible
thresholds may be inappropriate for achieving cost:
effective environmental management (Statzner el al.
1997). Decisions on how to manage water quality could
be based on private, social or ecological considerations
depending on specific management goal(s) and the level of
resourcing for implementation of improvement. In each
case. classical cconomic theory suggests that resources
should be deployed such that the marginal costs of
pollution abatement equate marginal benefits of improve-
ment al a relevant scale.

This paper presents a [ramework [or valuing the
health benefits o society ol reducing faecal loading to
bathing waters which may be achieved through BMP
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implementation. By relating a BMP-induced reduction in
[aecal loading to a decrease in risk ol illness. benefits can be
calculated using un estimate of society’s willingness to pay
for reduction in swimming-associated illness.

2. Maodel framework

Three components were involved in evaluating reduced
faecal loading in the Irvine catchment in Ayrshire (Fig. 1).
These will subsequently be linked to assessment of the cost
effectiveness ol miligation.

2.1, Predicting bathing water quality

Yinten et al. (2003) devised a spreadsheet model to
predict Escherichia coli in bathing water by accounting for
inactivation. sedimentation, transport and mixing in the
Irvine Beach/River catchment system [or various loading
in the catchment. Trvine Beach is located in Ayrshire in the
west of Scotland (Grid Reference: NS305373). Irvine
catchment has an area of 380km”. We have modified this
mode! so IE levels in bathing waters could be predicted
rather than E. coli. using changes to key parameter values
based on literature, summarised in Table 1. Sinton et al.
(1993), Reddy et al. (1981) and Geldreich (1978) all give
values for numbers of [E relative to E. coli in cattle faeces
of about 5 to |. We have made use of literature to improve
our estimate ol the die-off of IE vs E. coli. Craig et al.
(2001) provide E. coli and 1E decay rates in water and
sediment. The slope of the regression gives a hall-life ratio
of 2.75 (p<0.001. SE = 0.50, n = 20, +* = 0.62). We have
assumed that settling and (ransport propertics are similar
for the two indicators. The relative levels in animal facces
and inactivation lactors show considerable variation in the
literature. so these figures should only be considered
indicative at this stage.

Bathing water quality predictions were made for current
and 25-75% reduction in livestock loadings. Summer
discharge percentiles were calculated using 14 vears

[ Predict Relate Bathing Determine Value of

Bathing Water ‘ Water Quality to - Reduced Faecal
Quality Risk of lliness Loading

Fig. 1. Steps involved in determining the value of faecal loading

reductions in the Trvine catchment.

Table |
Correction factors used with model of Vinten et al. (2005) to prediet 1E
concentrations in bathing water instead of £ colf

Correction [actor References

for VB E. coli

Parameter

Sinton et al. (1993),
Reddy et al. (1981) and
Creldreich (1978)

Craig et al. (2001)

Levels it animal 36
Faeces

=]
=1
L

Hall lives in soil
and water

(1989-2002) of River Irvine data provided by E. Jow of
Scottish Environmental Protection Agency (personal com-
munication).

2.2, Bathing water quality and risk of iflness

A dose-response [unction between the concentration ol
IE in bathing water and the probability of contracting
gastro-enteritis was determined by Kay et al. (1994) and
Wyer et al. (1999), based on risk of contracting illness from
bathing water quality determined by the World Health
Organization using a risk function of bathing water quality
throughout Europe (WHO, 2001, Fig. 4.3). This relation-
ship has data for up to 39% probability of infection. and
the authors suggest a maximum value ol 39% be used to
predict probability of infection above the data range.
However, a Beta-Poisson relationship (e.z. Haas el al.,
2000) i1s widely used to predict risk of illness, and we have
used a least squares method to fit the data [rom WHO
(2001) to a modified version of this curve with a zero
response threshold:

r=1—[1+ {((c— exr)/Ns)2"* = D)™ (1)

where »r = excess probability of illness associated with
bathing. ¢ = concentration of IE in bathing water (cfu/
100mL). cnp = concentration of TE at which no excess
probability of illness occurs, N5, = dose for 50% infection
rate, # = fitting constant.

The values of ¢xygr. o and N3 obtained were 31.8cfu/
100mL, 1.0cfu/100 mL and 198 cfu/100 mL. This equation
was linked to model simulations of IE in bathing water to
give the risk of contracting gastro-enteritis as a function of
faecal loading and river discharge (step 2 in Fig. 1),
including extrapolation where necessary beyond the observed
data range.

2.3, Economic valuation of reduced risk of illness

Public willingness to pay (WTP) for a reduction in risk of
illness resulting from swimming in contaminated waters
was determined using a benefit transfer [rom a stated
preference study in England and Wales (EFTEC. 2002),
The EFTEC study determined consumers WTP for a
reduction in risk of illness from swimming in contaminated
bathing water. Valuations from the study indicate that
respondents are willing to pay between £1.10 and £2.00 per
household per year for a 1% reduction in the risk of
suffering stomach upset (EFTEC, 2002) and we assumed a
WTP of £1.10 per 1% reduction in risk. For comparison
with Scottish bathing waters, a direct unadjusted mean
value was used to determine the benefits ol mcreased
bathing water quality resulting from the reduction in faecal
loading in the Irvine catchment. The EFTEC study is a
suitable comparative site for Irvine Beach because of
similarities listed in Table 2. The annual benefit accruing Lo
Irvine Beach from reducing faecal loading was caleulated
by accounting for the likelihood of high discharge events.
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Benefits were calculated at each percentile flow (above the
72nd) for a range ol reductions in loading from 23% to
75%.

A spreadsheet model was developed to determine the
benefits accruing to society from increased bathing water
quality. Table 3 gives the equations used in the develop-
ment of this model, Risk of illness percentages were
calculated at various discharge percentiles [or each loading
reduction. The differences between risk of illness at [ull TE
loading and the other loadings were determined. This
accounts for the risk reduction expected by reducing TE
loading.

Benefits accruing to the population were calculated for
each discharge percentile. These values were aggregated
across all percentile flows and corrected for the frequency
of occurrence to determine total annual benefits (TB).
Because the entire Scottish population was used, the total
benefit value had to be corrected to elicit benefits occurring
only at Irvine Beach. A 2004 study indicated that 3% of all
Scottish beach visits were made to Irvine Beach (Scottish
Executive Social Research. 2004), The total benclits to
Scotland were therefore multiplied by 3% Lo calculate the
benefits at Irvine Beach. Benefits accruing over a 25 year

Table 2
Comparison of site characteristics between proposed Scottish benefit
transfer and EFTEC WTP study in England and Wales

England and Wales Scetland

Environmental gquality Buathing wiater Buthing water

parameter quality guality
Houscholds 24,000,000 2.200.000
Paopulation 52.900.000 5,062,000
Average household size 2.204 23
Meun weekly household £302 £296
income
Table 3

Parameters used to model social benefits from increased bathing water quality

time horizon were discounted to their preseni value Gsing 2
6% discount rate. This rate maintains parity befwoen
values used in evalualing costs of agricullural inlrastruc-
ture and machinery. Strictly speaking however, there are
good arguments for treating cost and benefit streams
differentially.

Using the above framework. benefits from reducing
faecal loading were calculated for the River Irvine
catchment.

3. Results
The simulated TE concentrations at Irvine beach are

shown in Fig. 2. The simulations predict a compliance rate
for the current guideline standard of 100IE/100mL for

e 2
no w (=] w3
P~ oy 23]
100000 ¢
10000

i
s\\

1000 3 /’ s ! |

BW intestinal enterococci (cfu/100mL)

100 ——
3 — current loading
—— 25% reduction
10 E == 50% reduction =
b 75% reduction
1 I s i 13 i TR ! -
0 1 2 3 4 5

daily catchment discharge (mm/day)

Fig. 2. Predictions of 1E concentrations in bathing water al Lhe Irvine
Beuch at various river Irvine scaled discharges. Vertical lines are River
Irvine fiow percentiles.

Parameler Egunation

Components

Risk of illness

Risk of illness differences Ar = Fpig) — Peduetion

By = Ar(WTP)

Sociil benelits at each discharge

pereentile
Fotul annuul benelits (TB) #rhuﬁa WTPY
=3 EWIEN
= 100
Lifelime benefits (LB) =15

LB = z TB(L 4 i)~

=l

F= 1[4 (e — exg)/ N2V = DT

& ¢ = [E concentration in bathing water

® ¢up = concentration of TE at which no excess probability of
illness occurs

o 3.V = fitting constants.

& rru = risk of iliness at full 1E loading
& oy edueion = Tisk of illness with reduction in loading

& WTP = household WTP 1o pay for risk reduction
e /i = number ol households

e [ = percentile flow,

& TB = future value (in vear 1)
e (= Interesl rate
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73-80% of the time compared with the guideline com-
pliance rate of 90% required by the regulations (SEERAD.
2001). Reduction in faecal loading to land by 75% only
increases the compliance rate to about 80%. This assess-
ment suggests that failure of the TE standard is likely to be
more frequent than failure ol the faecal coliform guideline
standard, determined by Vinten et al. (20035).

The risk of illness was determined for current loadings
and for 25%. 50% and 75% reduction in IE load at various
levels of discharge (Fig. 3). Table 4 shows the annual benefit,
as well as aggregated benefit over 25 years of mmproved
bathing water quality at Irvine Beach, using a discount rate
of 6% per year. Fig. 3 shows that risk of illness is
insignificant at all IE input rates below the 75percentile
flow. During 80-percentile flow (4.1 m’/s or 0.93 mm/day
over the 380km” catchment), faecal loading needs to be
reduced by >75% to give a risk of illness <20%.

The WTP for avoidance of illness of BW improvement
can now be compared with the costs of implementing
BMPs to attempt to control diffuse pollution. Recent work
in SW Scotland has estimated the annual cost of installing
BMPs on two farms in SW Scotland to be £3k per farm
plus 85k capital cost (SEERAD, 2003). If we assume an
annualised capital cost of £17k. and that across the River

Irvine catchment there are about 328 dairy [arms
2R ® 2 2
L8 8 8 8
100 -
90 o
£ |
= @ i ] — currentioading
% 60+ ! Ll —— 325% reduction
g .-' ve 50% reduction
E 50 = T fﬁn.}’n raduction = —
N
S 40 ,
= !
= 30 e
20 4 !.'I —
10 : |
0 i n i i i I i n s L I I i i I 1 L 1
] 1 2 3 4 5

daily catchment discharge (mm/d)

Fig. 3. Predicted risk ol illness from bathing, in relation to discharge.
Vertical Tines are River [rvine flow percentiles.

Table 4
Cxpected lifetime benefits of reducing faccal loading in the lrvine
catchment

Appregated benefits
over 25 years al a 6%
discount rate {in £k)

Annul
henefit (in £k)

Reduction in [aecal
loading in the lrvine
catchment (%)

25 51 707
S0 131 1802
73 276 3798

(Merrilees, personal communication), total annualised
mitigation costs are (3-+17) x 528 = £1560k. From Tahle
4, even with 75% reduction in faccal loading. annual
benefits ure only £276k. BMPs to assist in bathing water
guality improvements include measures such as siock
reduction. fencing, buffer strips. constructed wetlands,
slurry storage. cattle access routes. and separating clean
and dirty water. In practice achieving >350% elficacy may
be wvery difficult. particularly considering that BMP
performance during high intensity flow events is critical.
Dickson et al. (2005) found a 40% reduction in high flow
[aecal indicator loadings where BMPs had been installed in
the Brighouse catchment in SW Scotland. I the entire
Irvine catchment installed these practices, bathing waters
may still pose a high risk of illness lollowing storm events.

4. Discussion

These figures depend on the reliability of the extrapola-
tion used in Eq. (1) for risk of illness. and the inactivation
data for IE. Literature data on inactivation suggest longer
survival of 1E than E. ¢oli in soil (Cools et al.. 2001) but
higher sensitivity to sunlight (Sinton et al., 2002). Noble
et al. (2004) also give more rapid inactivation of 1E than
E coli in freshwater and seawater. under low light
intensity, There is also little information on the levels of
IE in animal faeces, Improvement of the epidemiological
duatabase for such modelling should be a research priority.

We have assumed that reduction in stocking has a linear
elfect on faecal organism loads to water). Crowther et al.
(2002) have shown a strong empirical relationship between
laecal coliform (FC) counts in high flow discharges from
rural catchments and the percentage ol land which was
either grazed or receiving manure i the catchment.
However a simple linear relationship with stocking rates
may not occur. Work examining the effects of destocking
following foot and mouth disease in NW England has
shown a much smaller reduction in faecal indicator loads
than expected. This was partly because stream sediments
acl as long term reservoirs ol [aecal bacteria (Jamieson
et al., 2005). Further work during the restocking process
(2001-2002) shows significant correlations between geo-
meftric mean IE concentrations and cattle numbers in both
winter (r=0.71, p<0.05) and (r=0.94.
p<0.001). However the slope of the regressions between
log transformed mean high flow IE concentrations and
stocking density was 1.8 1.9, indicating a highly non-linear
relationship between loads and stocking density, for the
first 2 years ol restocking (Sanders et al., 2005). In practice,
this may mean that lowering stocking rates may have 2
stronger effect than we have assumed.,

It is often assumed that areas impacted by dilfuse. land-
based faecal pollution may not present a health risk
comparable to that produced by water impacted by human
sewage effluents. due to the assumed lack of human
pathogenic viruses in animal derived faccal matter. A study
of the effects of diffuse pollution derived laecal bacteria by

Summer
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Collord et al. (2007) found ne correlation between water
guality indicator levels for enterococcus. faecal coliform or
total coliforms and the risk of illness. Although these
authors did find a correlation between swimming and risk
of diarrhoea, stomach cramps, skin rash and eye irritation
this raises doubts about the illness risks attributable to
bathing in waters affected by animal derived faecal
indicators. However, the public health issue has been
demonstrated with a number of outbreaks of E. cofi O157
that have been clearly linked with recreational waler
contanmnated by livesiock (e.g. Thekweazu et al., 20006).
in order to clarify the situation. it is desirable o explore the
risk of infection associated with specific pathogenic
bacteria, protozoans and viruses, rather than use indicator
bacteria. Zoonotic pathogens such as £ coli O157:H7,
Campylobacter and Cryptosporidium spp. from farm live-
stock, birds, rodents etc contribute to the microbial
pathogen loads to rivers. National and regional surveys
of herd prevalence and incidence of EHEC E. cofi O157
(e.g. Halliday et al., 2006; Hutchison et al., 2005) will
enable estimates ol risk from specific pathogens to be
estimated.

Under the somewhat stringent assumptions set out in
this paper. BMPs do not appear to offer a good return to
outlay. However, we note a number of reasens that point
to the benefits being underestimated. First is the treatment
ol health benefits through time and the use of the 6%
discount rate for both costs and benefits. In reality we
might want to draw on health economic arguments that
suggest that the luture value of health impacts should not
be discounted at the same rate as the costs of infrastructure
investments., More specifically. the latter are typically
appraised in terms ol the market rate of mterest. which
might be much higher than the time preference rates that
society attaches to health improvements (see Krupnick.
2004). This argument can lead to rates used for health
benefits of between 1% and 3%.

A second issue to consider 1s that BMP's can in many
cases generate other non market benefits that have not been
counted here. Significant biodiversity benefits for example
can derive from some management options on farm (e.g.
farm ponds and wetlands). Moreover, when faecal bacteria
loads are reduced, nutrient loads to surface water may also
be reduced, leading to a higher likelihood of achieving
good water quality status. This paper has not attempted to
value these benefits.

5. Conclusion

It is clear from these caleulations that it is unlikely that
the adoption of BMPs lor bathing waler protection can be
Justified on grounds of strict cost: benefit analysis for
reduced health risk, unless the cost of fines for non-
compliance with EU regulation are taken into account.
However. since bathing and beach use are strongly linked
(0 a perception ol cleanliness, it may be that valuation
based only on willingness to pay for avoidance of enteric

illness may underestimate the true value ol clean bathing
water. Moreover, no assessments of the other benefits of
cleaner water (in rivers. estuaries and seda) have been
included in the valuation.

Further work should: (i) explore the influence of
uncertainty ol model parameters, especially with respect
to epidemiology and sewage vs animal sources of pollution
(i1) identify risks associated with specilic zoonotic patho-
gens such as £ coli O157 and Cryptosporidium, and (iii)
include other components of the value ol clean waler.
before a complete and reliable picture of the cost: benefit of
mitigation of faccal pollution can emerge.
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Abstract

To date, many waler quality monitoring networks for surface freshwaters have been rather haphazardly designed without a consistent
or logical design strategy. Moreover, design practices in recent years indicate a need for cost-effective and logistically adaptable network
design approaches. There are many variables that need to be included in a comprehensive yel practical monitoring network: a holistic
appraisal of the monitoring objectives. representative sampling locations, suitable sampling frequencies, water quality variable selection.
and budgetary and logistical constraints are examples. In order to investigate the factors which affect the development of an effective
water quality monitoring network design methodology. a review of past and current approaches is presented.
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land uses, are currently threatening aguatic systems on A
world-wide scale. In addition, it has been shown that water
of good quality is a critical component for sustainable
socio-economic development (Bartram and Balance. 1990).
The impact and behavior of contaminants in an aquatic
ecosystem are complex and may involve adsorption—de-
sorption, precipitation-solubilization. filtration, biological
uptake, excretion, and sedimentation-resuspension. Table 1
lists the important natural processes affecting water quality
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Tuble |

Impartant natural processes aflecting water quality (Barteam and Balance. 1996)

Procesy Lype

Major process withim water body

Witer bod ¥

[Mlution
Eviaporation

Hydraloaieal

Percolation and leaching
Suspension and selthng

Pliysical
Volatilization

Adsorpton desorplion
Heating and cooling

Rilfusion

Chemival Photodegradation

Acid-base reactions

Redox reactions

Dissolution ol purticles
Precipitation of minerals

lomie exchange

Brologicul

Micrabial die-off and growth
Decomposition of orgame maller

Biosuccumulation
Biomaenilication

Gas exchinge with aimosphere

Primury production

All wiler hadies
Surface waters
Creoundwiler
Surlace waters

Mostly rivers and lakes
Maostly rivers and lukes
All water bodies

Maostly rivers and lokes
Litkes and groundwiter

Lukes and rivers
All waler hodies
All water hodies
All water bodies
All water boidies
Grronndwater

Surlace walers

Al witter bodlies
Mastly rivers
Muaostly rivers and lakes
Mostly vivers and lakes

and lake

(Bartram and Balance. 1996). Besides natural processes
affecting water quality, there are also anthropogenic
impacts. such as man-induced point and non-point
sources, xenobiotics, and alteration of water quality duc
to water use and river engineering projects (e.g.. irrigation.
damming, ete.) (Chapman. 1996).

The degradation ol water resources has increased the
need for determining the ambient stutus of water quality. in
order to provide an mdication of changes induced by
anthropogenic activities. Wauler quality monitoring refers
to the acquisition of guantitalive and representative
information on the physical. chemical. and biological
characteristics of a water body over time and space
(Sanders et al., 1983), In order to understand the process
dynamics ol a watershed. a well-designed water quality
monitoring nelwork identifies water quality problems while
estublishing buseline values for short- und long-term trend
analysis. The need o evaluate observed water quality
conditions and their suitability for the intended uses
reflects a need lor cost-effective and logistically practical
waler quality monitoring nelwork design methods.

Starting in the 1960s and 1970s water quality monitorimg
has been developed o describe the general state ol water
quality. Typically, these early monitoring efforts invelved
arbitrary approaches without @ consistent or logical design
strategy. Sampling locations and frequencies were oflen
determined by convenience or by other subjective criteriu,
and once the network was established. there was commaonly
no re-assessment of the effectiveness of the monitoring
design (Harmancioglu et al., 1999; Tirsch and Male. 1984:
Ward, 1996). In other words, a consistent and specific
approach or methodology o water quality monitoring
design was missing. The madequacy of a proper network

design methodology often results in water quality data
collected with little analysis or ultimate purpose (GAO,
2000, 2002, 2004: NRC, 2002).

In recent vears, the design ol water quality monitoring
networks has evelved to more focused topics. such as
cutrophication, salinization. acidilication. microbial. and
heavy metal contamination among others. Where a specilic
contamination problem is known (o exist (c.g.. endocrine
disruptors; Commission of the European Communilies,
2004). ad hoc monitoring with selected variables or
indicators is practiced. Furthermore, monitoring usually
needs 1o be adapted for the aquatic system under
study (river. headwater stream. lake. wetland, estuaries,
reservoirs. elc.).

The mmportance of this topic has warranted a number of
national and international conferences and workshops.
such as the biannual Nuational Monitoring conferences
(held in the United States. 1998-2004) and the Monitoring
Tailor-Made imternational workshops (held in the Nether-
lands. [994-2003). These proceedings have tried to link
monitoring at difTerent scales in an interdisciplinary and
integrative way. These scientific meetings conclude that
monitoring 15 o helpful tool in eurly water pollution
defection as well as mm environmental remediation. The
National Water Quality Monitoring Council has attempted
to standardize monitoring data (e.g.. Martin et al.. 2001;
Diamond et al.. 2001},

Recent legislature is having an impact on menitoring
network design. A prime example is the Water Framework
Directive (WFD) of the European Community. which hus
sel-up guidelines for comprehensive monitoring require-
ments for all river basing (WFD, 2003). These guidelines. of
course. will affect the design of monitoring networks. New
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monitoring programs will include the following objectives
(WED, 2003):

e classify the status of all water bodies or groups of water
bodies.

® support risk assessment procedures,

design future monitoring programs,

® appraise long-term changes whose causes are both
natural and anthropogenic.

@ assess the compliance with objectives and standards,

@ estimate the pollution load transfers across international
boundaries or into seas,

® appraise the efficacy of measures applied to water bodies
designated as at risk.

® ascertain formerly unidentified reasons for failure to
achieve environmental objectives.

® assess the impact of accidental pollution,

® usc in intercalibration exercises.

Therefore, the design of a monitoring network will
include the type of water body, the classification system,
the analysis of the associated pressures and risks, and the
extent of the existing monitoring network. These pressures
embrace the following for surface freshwaters (WFD.
2003):

e Rivers and lakes: nutrients, acidification, morphology.
abstraction, and alien species.

e Additionally for rivers: hazardous substances. pesti-
cides. mine waters, urban pressures, [low regulation, and
pollution incidents.

e Transitional/coastal waters: nutrients.  hazardous
substances, organic enrichment. commercial fishing,
morphology, and alien species.

e Additionally for transitional waters: abstraction, indus-
trial intakes, and discharges.

Consequently. there are new challenges in network
design. For surface walers the current status will be
referenced to baseline conditions for each type of water
body. An appraisal of the susceptibility of anthropogenic
pressures will be quantified. Each appraisal will use
available monitoring data. Existing data will vary greatly
[rom country to country. The WFD seeks to harmonize the
results of monitoring systems and ecological assessments
rather than imposing a common ecological quality
appraisal system in each country. Expert judgment as well
as simulation modeling approaches can supplement data
collection. The WFD approach includes flexibility in terms
of monitoring frequencies and does not monitor all
parameters in all cases. Thus. cost-effective and targeted
monitoring programs can be designed. Hence. the WFD
aims to improve the reliability of water body appraisals in
terms of precision and confidence (WFD. 2003: Parr et al.,
2002).

Nevertheless, the successful implementation of the WFD
will rely on the availability of low-cost tools and

technologies able to deliver appropriale and reliable dala.
An example of such tools are automatic monitoring
stations. which have been cost-effectively employed already
in numerous monitoring networks Lo capture the varia-
bility of contaminant concentrations or temporal changes
in toxicity (Allan et al., 2006). Furthermore, in order to
avoid the common practice of designing monitoring
networks on subjective factors, attempts have been made
to employ models for this purpose (e.g., Lo et al., 1996;
Markus et al.. 2003; Strobl et al.. 20064, 2006b). Lo et al.
(1996) has analyzed the spatial variation of river water
quality models to design a monitoring network for the
Keelung River in northern Taiwan. Optimal sampling
locations were selected using Kriging theory, whereas
optimal sampling {requencies were determined by analysis
of variance methods. Markus et al. (2003) used entropy
and generalized least-square methods to appraise the
regional value of stations in a monitoring network. Strobl
el al. (2006a) have used a methodology that makes use of a
geographical information system (GIS) and fuzzy logic
approach, which was then converted into a functional
model to determine critical sampling points (Strobl et al..
2006b). Further development of such models, be it of
statistical or mechanistic nature, is still needed.

To appreciate the challenge of designing water quality
networks, it is crucial to clearly define objectives and
identify statistically acceptable assumptions. Assumptions
are an inherent part of the monitoring network design
process, mainly due Lo the stochastic influences on water
quality variables in the aquatic environment. The number
and type of simplifying assumptions made or allowed is
dependent upon network objectives. Furthermore. assump-
tions in monitoring network design should be made relative
to water quality hydrologic principles, applicable statistics,
information utilization, and budget constraints (Sanders,
1980).

A logical and consistent design methodology should be
developed that allows for more efficient and effective data
collection and hence, more useful information extraction.
Such an approach not only permits better water pollution
control recommendations and better allocation of financial
resources, but ultimately a better understanding of the
ecosystems under study. The specific objective of this
review of water quality monitoring network design for
surface freshwaters is to establish which factors alfect, and
are important (o monitoring network design. In addition.
this review gives insight into past and current approaches
to neiwork design.

2. Monitoring network design
2.1. Monitoring and design considerations

Water quality monitoring is designed to capture data
f[rom which management and restoration informalion is

extracted. Tt generally involves a vast number of activities,
which are extensively described in Sanders el al. (1983) and
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Tuable 2
Water quality monitaring activities (Sunders et al., 1983)

Maln acuvity Specilic aclivities

Station locations
Variable sclection
Sumpling frequencies

| Network design

Sampling techniques
Field measurements
Sample preservation
Sampling points
Sample transport

2. Sumple collection

Analysis technigues
Operational procedures
Quality control

Data recording

3. Laboratory analysis

Data reception

Sereening and verification
Storage and retrieval
Reporting

Dissemination

4. Data handling

Basic summary statistics
Regression analysis

Water quality indices

“Quality control”™ interpretation
Time series analysis

Witer quality models

3, Data analysis

Information needs
Reporting formats
Operational procedurcs
Utilization evaluation

6. Information utilization

summarized in Table 2. Network design comprises only a
part of the total monitoring program. Ideally, water quality
monitoring programs should adhere to generally accepted
and standardized methodologies where applicable. As
addressed above, such procedures normally include sam-
pling protocol, sample preservation and handling, and
laboratory analytical methods as well as field instrumenta-
tion. Complimentary to these procedures. quality assur-
ance/quality control (QA/QC) should be included in a
monitoring program. QA ensures that the final product
meets the needs of its users and consists of an organized
group of activities, whereas QC guarantees the compalt-
ibility of the results from different sampling sites as well as
the reproducibility of data collected by different observers
(Cline and Burkman, 1989).

Monitoring network design includes the number and
spatial distribution of monitoring stations, sampling
frequency, and parameter selection. as well as the temporal
and gpatial mode of data transfer. However. it is of utmost
importance that the network objectives and accuracy
criteria be defined as completely as possible (Steele, 1987).

Once moniloring objectives are defined, a methodology
is needed to design the sampling network. However, a
review of the literature suggests that there is no universally
accepted methodology for the design of water quality

monitoring networks. In fuct, monitoring approaches being
employed in watershed management are as varied as the
watersheds being managed. As noted already by Sanders
et al. (1983). the ability to choose adequate and rational
monitoring network design procedures is seemingly ag
much an art as it is a science. This observation is as truc
today as it was two decades ago. Hence, there is an
indisputable need to institute universally sound guidelines
for water quality monitoring network design, or better yet,
a design methodology that may be considered as acceptable
and applicable to most common monitoring network
design problems (Sanders. 1980). Only with clearly defined
monitoring objectives and methodology can a network
design produce an optimal configuration (Dawdy, 1979).

An optimal monitoring network design configuration
satisfies monitoring objectives more efficiently and effec-
tively than any other possible configuration. The waler
quality monitoring program must also be fexible, since the
monitoring network design may need to be modified at a
later stage. as deemed appropriate (Steele, 1987). The
network design procedure is, therefore. an iterative process
in which any information gained since the last iteration
may lead to revisions in the network design at each new
iteration. Without a monitoring feedback loop. in which
the effects of those decisions are evaluated, the success as
well as failure of previous management decisions cannot be
accurately determined. However, this ilerative process is
commonly ignored once the water quality monitoring
network has been established. leading often to the
collection of unchanging and hence, useless and very
expensive data. Most likely this “fear” of redesigning
water quality monitoring network is due to the belief that if
existing programs are abandoned. the ability to determine
trends may be forfeited. In addition, established water
quality monitoring networks often include fixed sampling
stations. which are only reluctantly deserted.

The representativeness of the collected samples needs (o
be considered. The US Geological Survey (1977) defines
the term “representative” when the sample resembles the
overall population in some way. To ensure that the data to
be collected are suitable for comparative purposes. it is
essential to standardize sampling bias in regard to sampling
frequency. sampling location, sample collection, sample
devices, sample handling and preservation, and sample
identification (Canter, 1985),

Nevertheless. costs and availability of budgelary re-
sources must also be considered when designing a
monitoring network. Recognizing the economic constraints
at an early stage will allow the designer to partition
resources effectively (Sanders. 1980). As a result. the
challenge in building an effective network design involves
the collection of data, within the limits imposed by time
and fiscal resources, which will render the maximum
information for management purposes (Herricks, 1982).
Furthermore, budgetary and logistical considerations al-
most always dictate that the data collection be taken
discretely in time as well as in space. Another prohlem with
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respect to available financial resources in network design as
investigated by Baumgart and Sperling (1984) is that. on
the average. the ratio of measuring costs to costs [or
cvaluation is about 3:1. In developing monitoring pro-
grams, the emphasis is usnally placed on data collection
and initial data analysis, instead of examining the reasons
for monitoring or how the obtained data will be used as
information in water quality management. Herricks (1982)
notes that any monitering program must be designed to
fulfill existing as well as future information needs.

A review of monitoring approaches shows that many
water quality monitoring network designs use a conceptual
network as a guide in the design of the actual network
(Woolfenden, 1984). A conceptual network represents an
ideal network. in which the network is free from all
budgetary constraints and, hence, where the network is
solely based on hydrologic conditions, land use. existing
waler quantity and quality data, and the location of
contamination sources. An ideal network can serve as a
basis for future expansion ol the actual network. For
example, sampling stations can be added to the actual
network if additional financial resources become available
(Templin, 1984). Commonly, this conceptual network
represents an aggregation of individual, single-purpose
networks and needs to meet all of the individual objectives.
A drawback of this procedure is, however. that specific, as
well as extensive, knowledge and data of all the design
parameters need to be available. which is commonly not
the case. In fact, the purpose of the network is largely to
obtain this knowledge of prevailing conditions and
mfluences.

2.2, Monitoring objectives

In the initial stages ol water quality monitoring network
design, there is a neced to identify the information
expectations placed on the water quality monitoring
network (Sanders et al., 1983). In most cases, the basic
ohjective of a monitoring network is to supply the optimal
level of information for water resources management and
planning. However. before setting the monitoring objec-
tives, the purposes of the network. in terms of the uses, and
the users of the anticipated data need to be identified. It
should be noted that data uses and users may vary
temporally and spatially. In addition. potential future data
needs should be identified and included into the network
design. Onee the purpose of the monitoring network has
been established, an objective or set of objectives can be
specified in terms of the desired information (WMO. 1994).
Multiple objeetives. multiple purposes. and multiple users
need to be considered in a wide spectrum of contexts.
usually
political. Sherwani and Moreau (1975) as well as Herricks
(1982) have compactly summarized typical monitoring
ohjectives.

Different objectives will consequently result in the design
of different monitoring networks (Tirsch and Male, 1984).

including engineering, economic, social. and

The monitoring objective generally determines the level of
detail. the cost. and the necessary approach. Monitoring
objectives need to be periodically checked to determine if
they are being successlully fulfilled. If the monitoring
objectives are found o be unmel. the current monitoring
strategy must be modified or possibly completely altered in
order Lo achieve the desired objectives. Furthermore. il is
important to realize that a decision made without a clear
understanding of its consequences often results in an
outcome which will not satisfy management objectives. The
periodic reviews ol a water quality monitoring program
should therefore. not only take into account changes in
hydrologic conditions., but also shifts in management
objectives (Kohonen, 1984; Herricks. 1982) as well as
changes in technology and data analysis methods. For the
case where there is more than one objective. priorities
should be set for later evaluation. Prioritics are in general
not needed il all monitoring objectives can be met within
the available budget (WMO. 1994). Therelore. the avail-
able budget not only influences the monitoring objectives,
but also often limits network [unctions.

2.3. Sampling location

Sanders et al. (1983) consider the placement of a
permanent sampling station probably the most critical
design factor in a water quality monitoring network design.
Nonetheless, in the past. criteria to establish station
locations for representative sampling have received rela-
tively little attention from governmental agencies respon-
sible for water quality monitoring.

Many network designs subdivide the sampling locations
into two groups. namely macrolocations and microloca-
tions. Macrolocations are typically river reaches that are
sampled within a watershed, whereas microlocations refer
to sampling points that represent critical points, such as
outfalls, determined relative to the macrolocation. Often in
current water quality monitoring network design, macro-
locations are allocated systematically, while microlocations
are functions ol macrolocations and ecritical locations
(Harmancioglu et al.. 1999).

In the past, water quality samples were olten collected
from points of mere convenience. such as bridges. Never-
theless. there also exist more structured approaches Lo
designating sampling locations, such as Horton's (1945)
method. This method defines stream order by specilving
the smallest unbranched tributary in the headwaters of a
watershed as first order, a stream congisting solely o first
order Lributaries as second order, etc. Sharp (1971) used
Horton's approach lor systematically designating sampling
station locations by subdividing the stream network into
equal portions of contributing tributaries. This procedurc
was developed to identify and isolate contamination
sources. Sharp’s (1971) procedure drew upon previous
work by Shreve (1967), in which the pollution sources or
the number of tributaries were used to identily sampling
locations.
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Other approaches included selecting sampling station
siles as @ function of possible stream standards violations
or as a [unction of stream segments below outlalls (Beckers
et al.. 1972). Ward (1973), on the other hand, suggested
locating sampling stations at critical quality points, such as
each major source of pollution. Whichever approach is
employed. a rational systematic approach is needed. In
addition, the monitoring objectives need to be satisfied.
Often. once fixed station locations have been installed.
there is a tendency to limit further modifications of the
network. However. fixed stations still can be “modified™ in
that sampling methods can be adjusted to account for any
changes in physical. chemical, or biological conditions.
Therefore, periodic reviews and analysis of the sampling
program are essential.

2.4. Sampling frequency

Determination of sampling frequency is another critical,
but often underemphasized area of concern in water
quality monitoring network design. Sampling [requency
primarily depends on the objective of the water quality
monitoring network. but also on the relative importance of
the sampling station location and the expected variability
of the water quality data at each sampling station (Canter,
19835). Ideally. once the representativeness ol water samples
has been established in space through sampling location
specification. then the sampling frequency should be
defined so that the samples are also representative in time.
Unfortunately, in the past. inlrequent sampling (commonly
monthly) has often been the standard procedure in the
operation of fixed station monitoring networks. In addi-
tion, the sampling frequency was often determined by the
available capacity of the analytical laboratory and the
samples were frequently equally divided among the existing
monitoring stations (WMO, 1994).

Sampling frequency should be adjusted so that water
quality information can be gathered with a minimum of
sampling effort. Although automatic monitoring has been
applied in some network designs, it should be noted that a
large portion of the costs for operating a monitoring
network as well as for data management and QA/QC
(including meta data) is directly related to the frequency of
sampling. Limited financial resources most likely will not
allow the same sampling [requency of all parameters at
every sampling site.

By increasing the number of samples collected, a
reduction in the standard error of the mean value can be
realized. Since the standard error of the mean is inversely
proportional to the square root of the number of samples.
an increase in the number of observitions will conse-
quently only lead to a rather small overall gain in results.
The greater the variation of the water quality, the greater
the number of samples needed to obtain a statistically
sound estimate that deseribes parameter behavior. Typi-
cally the mean is the most reported statistical parameter.
A sampling frequency is selected that gives an estimate of

the mean within & given confidence limit. The confidence
limits of the mean quantify the choice of sampling
frequency by relating sampling frequency to the water
quality variation (Sanders et al., 1983). It should never-
theless be noted that, in practice. a water quality sampling
program commonly consists of more than a single water
quality variable and of more than one sampling location.
Generally, it 18 desirable to extract equal information from
each location, unless there is some way of prioritizing the
sampling stations. Furthermore, if the means are approxi-
mately equal, then the-vonfidence intervals about the
means [rom one station to the next are equal. It is normally
also desirable to have small confidence interval widths, One
way to achieve this is by a proportional sampling
procedure. in which the following equation is used to
assign the number of samples to be collected at each
station.

n = wiN, (1)

where w; is the weighting factor for station i, where
TN w; = 1.0, and N is the total number of samples in the
water quality monitoring network. The weights in this
equation are typically assigned as a function of pepulation
density, historical variance, mean variable values. and flow
{Ward, 1978).

Little quantitative criteria specifying suitable sampling
frequencies have been developed for the design of water
quality monitoring networks. One approach used in the
past assumed that the water quality variable concentrations
are random. independent. and identically distributed.
Using this approach, the number of samples per year is
determined as a function of a specified confidence interval
of the mean annual concentration:

N= “‘Eulph.MJS}/R]E*E. )

where N is the number of equally (temporally) spaced
samples collected per year: /,jpp,2 15 a constant which is a
function of the level of significance. and the number of
samples; S is the standard deviation of the water quality
concentrations: and R is the specified half-width of the
confidence interval of the annwal mean. The above
approach for specifying the sampling frequency. however,
obviously depends on the chosen confidence level (e.g..
95%) as well as on the confidence interval width of the
annual mean (Sanders et al.. [983).

More statistically advanced approaches involying fewer
assumptions have been developed. but often rely on
extensive lime series data (or determining the optimal
sampling frequency. Unflortunately, with the general
exception of mean daily discharge, water guality databases
of adequale size, length. as well as reliability are commonly
the limiting factor in applying these technigues.

2.5. Water quality variables

Both sampling location and sampling [requency are
influenced by the water quality variable being monitored
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and. therefore, the selection of the specific variables of
concern ot interest is intrinsic to the design and subsequent
operation of a water quality monitoring network. The
monitoring network objectives or a precisely as possible
defined information **need” is necessary in the appropriate
sclection of water guality variables. Careful and effective
sclection of water quality variables is necessary since
determination of certain variables can be extremely
cxpensive, either in terms of analytical laboratory costs
or in specialized sampling or preservation techniques.
Consideration should be given to reducing the number of
parameters sampled without substantial loss of informa-
tion. Fewer parameters would be easier to analyze and
establish dependencies or correlations between various
water quality variables, saving time and effort. In addition.
such an analysis might reveal which variables could be
neglected under a given set of circumstances. The water
quality network would not just be collecting data, but
would allocate financial resources to target state-control-
ling variables and develop recommendations to improve
the physical, chemical, and biological integrity of the
impacted water resources (Steele. 1987; Sanders et al.,
1983; Canter, 1985).

The variables that characterize water quality may be
classified in several ways. including their physical, chemi-
cal, and biological properties. Furthermore, the impor-
tance attached to each parameter is critical. This will vary

Table 3
Common waler guality variables (WMQO, 1994)

Rivers Lakes and Groundwater
reservolLrs

General water guality
Walter discharge/level b X X
Totul suspended solids X — —=
Temperature X b x
p” X X X
Electrical conductivity X X X
Digsolved oxyeen X X X
Trunspm'em:y — p.4
Dissolved salts
Caleium X X X
Magnesium X X X
Sodium X X X
Potassium X = & X
Chlaride X X X
Iluoride — X
Sulfate X X %
Alkalinity X X x
Nuyrrienty
Nitrate plus nitrice X X X
Ammonia % X X
Fotil phosphorus, dissolved X A
Total phosphorus, particulate & X %
Totul phosphorus, unfiltered % X -
Silica reactive X X —
Crgainic matter
Chlarophyll o X X

Ly

with the type of water body in question. intended uses. and
the objectives of the monitoring program. Physical vari-
ables of interest normally encompass discharge (for
streams), water temperature, lurbidity. specific conduc-
tance. particle size distribution, suspended sediment con-
centration. taste. and odor. Chemical water quality
variables are commonly classified in terms ol inorganic
and organic categories. Basic variables commonly included
in a water monitoring effort are listed in Table 3 (WMO,
1994). It should be noted that in recent years, besides the
basic variables listed in Table 3. many monitoring
programs have also included various environmentally
detrimental variables, such as micropollutants and indica-
tors of microbial contamination.

[t is noteworthy that even though water quality variable
classifications according to independently assumed vari-
ables are quite convenient and useful, the interplay between
different variables needs to be considered as well. Land-
wehr (1974) noted that in order to increase the economic
efficiency in operating a waler quality monitoring network,
detection and assessment of such interactions aid in
determining which variables might potentially serve as
indicators of a wider category of variables. This is
especially desirable in light of the fact that there are
hundreds ol different environmentally hazardous chemicals
present in ecosystems.

Even though it is not always practical to measure all
water quality variables of interest or concern in a sampling
effort. presently available allernatives te evaluate water
quality information include statistical analysis and water
quality modeling techniques. Several statistical techniques
for transforming data into information and for indirectly
supplying water quality values were given by Sanders et al.
(1983). Furthermore, Sanders et al. (1983) note that a
broad understanding of the interactions between water
quantity and water quality variables is useful in solving
various water quality related problems. Also, an under-
standing of the “natural” (i.c., pristine or pre-development)
and man-affected conditions (i.e.. post-development) 18
essential.

Special attention should also be paid to the importance
of biological monitoring when setting up a monitoring
network, as it is a rapidly growing field that nowadays
incorporates ecological indicators (e.g.. fish. benthos.
diatoms. elc.), biological tests, chemical analyses of Lissues.
and exposed (caged) organisms. Biological analysis of an
aquatic ecosystem generally reflects a much longer period
of waler quality conditions than traditional physical-
chemical water quality monitoring. In many cases.
biological evaluations regarding water qualily have even
detected mild, intermittent pollution, very ofien over-
looked or not detected by standard chemical methods.
Nevertheless, it should be noted that the trend of waler
quality improvement is typically first apparent in physio-
chemical analyses and only with some delay in hiologicdl
analyses since living organisms usually require time to
adapt to new conditions. In contrast, the trend of quality
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deterioration is normally first evident by biological
analyses and only much later by physiochemical analyses.
Therefore, biological monitoring ol water quality appar-
ently has a predictive and signaling as well as a controlling
funetion (Karr and Chu. 1998: Ometo et al.. 2000).

The approaches for analyzing and interpreting biological
communities relative to water quality assessment tend o be
ad hoc and highly subjective. Therefore, in order to take
advantage of the full potential locked into biological
monitoring methods, reliable data interpretation and
classification systems need Lo be developed. Most biomo-
nitoring techniques will only provide reliable results if the
investigator performing the field biological monitoring has
a basic background in biology. On the other hand. routine
biological monitoring 15 relatively inexpensive. It has also
heen noted that biological communities may be the only
practical means of water quality assessment where criteria
for speeific ambient impacts do not exist. particularly in
relerence o non-point source pollution. Another advan-
tage of biological monitoring is that it integrates the effects
of mixed pollutants. On the other hand. since biological
monitoring methods can only indirectly detect causes lor a
given change. chemical and physical monitoring will always
remain an integral part of @ meaningful monitoring activity
(Dates and Byrne. 1997; Sponseller et al., 2001).

3. Cenclusions

This review has given insight into the past and current
strategies of water quality monitoring network design for
surlace [reshwaters. along with their weaknesses and
shortcomings. There is a plethora of considerations as well
as issues Lhat need to be addressed when designing an
efficient and effective water quality monitoring network.
Network design ideally needs to include a combined
appraisal of the monitoring objectives. representative
sampling locations, sampling [requencies. water quality
variable selection, and budgetary and logistical constraints,
To accomplish this seemingly overwhelming task. a
methodology for water quality monitoring network design
would be of utmost importance to ensure a valid. efficient,
and lastly cost-etfective design. This is particularly
important since the costs of water quality monitoring
networks can be extremely high. given specific mformation
and management needs.

Another important aspect that this review has revealed is
that in the past, the majority of water quality monitoring
programs have been designed on a rather arbitrary busis.
Even though much research has been undertaken since
1970 to improve water quality management decisions,
much of it has not been implemented in present-day water
quality moniloring programs since most of the research has
been either too general, too specific (i.e.. too case-limited),
or simply difficult for a watershed manager lto easily
meorporale into a water gquality monitoring network
design. given tme and budget constraints. World-wide
attention is thrusting water quality monitoring efforts in a

new and integrated direction. Hence. it is obvious that a
practical, cost-effective water gualily monitoring network
design methodology, which allows a watershed manager to
practically design a water guality monitoring network
through a user-friendly interface. 5 needed. In addition.
the design of an optimal (i.c.. cost-effective) water quality
monitoring network configuration must be able to identity
the average and extreme water quality conditions, as well
as any signifieant changes or trends.

The emergence of new technologies and analysis
techniques need to be explored with respect to monitoring
network design. GIS. remote sensing lechniques. as well as
artificial intelligence technologies induce innovation and
new problem-solving criteria. In fact. Strobl et al. (2006a)
have illustrated a methodology that uses these kinds of
techniques for the design of water quality monitoring
networks in smaller, even remotely located, watersheds
with respect to total phosphorous monitoring.

This review leads to the following recommendations for
the development ol a methodology lor designing monitor-
ing networks for surface freshwaters:

1. A standardized monitoring network design methodol-
ogy is essential to ensure an ecosystem-based manage-
ment approach that considers human activities. their
benefits, and their potential impacts within the context
ol the broader biologicul and physical environment.

. The design methodology should establish what, where.
when. and how to monitor. including definition of a set
of core variables.

3. The design of a monitoring network needs to be
periodically re-assessed and accordingly modified due
to changing environmental conditions. This includes the
periodic review of the design with respect to the
measurement of variables that reflect the health of an
ecosystem,

4. Successful monitoring should target issucs that policy
makers, watershed managers. scientists, and the public
consider important. Input from these sectors should
therefore be considered in the design ol a network.

5. If the monitoring activities are Lo be used on a wider. say
national, basis, designers should concur on a set of core
variables to be measured at every sampling location.
with flexibility for stakcholders to measure additional
variables i desired or needed.

6. The design of the network should account for both
effects-based monitoring, which measures the present
condition ol the water environment, as well as stressor-
oriented monitoring, which measures parameters that
are suspected or known to be associated with a negative
impact on water environmental health,

7. The design should ideally include standardized labora-
tory procedures and technigues as well as universal QA/
QC recommendations,

8. Data management protocols should be established and
uniform data storage formats specified so that data can
be broadly disseminated. accessed. and understood.

I
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0. An cfficient monitoring network design should not only
he able to successtully track specific substances, but also
be effective tn helping understand how vartous ecosys-
fem components interaet and change over the long-term,
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