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a b s t r a c t

The policy of the water sector demands integrated and resilient asset management. The majority of
current research focuses on urban or community asset systems. To provide a fully integrated approach,
one needs to delineate the focus of asset management at a catchment scale, to include the natural capital.
The research described in this paper introduces such an approach, with the Environmental Regional
Input-Output (E-RIO) analysis at its core.

The novelty of the work is the conceptualisation of a catchment as a complex asset system, comprising
of multiple subsystems. This expands the application of Industrial Ecology and functional modelling
techniques in Integrated Catchment Management and Water Accounting. The Catchment Metabolism
modelling schema created in this paper serves asset, water resources and catchment management
purposes. The schema forms the grounds for structured collaboration among experts for integrated water
resources planning and decision-making. In this paper the process of creating the modelling schema
along with the techniques used are presented. A ‘live’ industrial example from the UK water sector (Poole
Harbour Catchment) is used to demonstrate its application.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The World Forum for Natural Capital (i.e. the world's natural
systems, such as aquatic systems land, and their deriving services)
relates the poor management of the natural environment with
catastrophic consequences on ecosystems productivity, human
wellbeing and financial resilience (Natural Capital Initiative, 2015).
In these grounds, the United Nations Natural Capital Declaration
(NCD, UNEP, 2012) demonstrated the commitment of financial in-
stitutions of the private and commodity sectors to integrate Earth's
natural assets in their reporting, accounting and decision-making.
A considerable number of business initiatives have emerged
since, aiming at the integration of natural capital in financial
decision-making with special focus on awareness raising, business
encouragement and publications (Maxwell et al., 2014).

An essential action requested under the NCD is for companies to
disclose the nature of their dependence and impact on Natural
Capital through transparent qualitative and quantitative reporting.
Several policy initiatives (e.g. United Nations Statistic Division

UNDS, 2012) and programs (e.g. World Bank Wealth Accounting
and Valuation of Ecosystem Services, WAVES, https://www.
wavespartnership.org/) provide a basis for resources accounting
through the application of accounting techniques in environmental
science and the management of natural flows, but these focus on
the economic valuation of natural capital and its ecosystem ser-
vices. Limited work has been undertaken for the evaluation of
whole systems and for the integration of accounting methods into
systems modelling that would allow for the reporting and analysis
of the mutual relationships among built, financial and natural
assets.

Recent works (Ma et al., 2015; Paterson et al., 2015; Xue et al.,
2015; Rudell et al., 2014) demonstrate the essence of tran-
scending disciplinary silos for the development of systems ap-
proaches in integrated water resources management. In these
studies, the focus is on urban water systems at city or community
level; yet their research findings apply to multiple water systems.
These works demonstrate the need to consider and integrate the
natural water cycle in urban planning and policy by creating
consistent and robust methodologies (Paterson et al., 2015; Xue
et al., 2015; Norton and Lane, 2012). These works also indicate
that more research is needed to implement the principles of* Corresponding author.
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systems thinking in the complex water environments, while the
development of more practical applications and case studies is
crucial to achieve it.

The creation of whole system approaches would enable multi-
viewpoint analysis as well as combined systems’ analysis. This
would prove of particular use for the commodity sector, e.g. the
water industry, as the delivery of their services depends on the
provision of both physical and natural assets. The UKwater sector is
officially encouraged to become more resilient by adopting inte-
grated approaches to their asset management with the purpose
being to achieve a balance between financial costs and environ-
mental impacts (Department for Environment Food & Rural Affairs,
2016; OFWAT, 2015; UKWIR, 2014). In the meanwhile, the creation
of approaches that would enable businesses to integrate natural
capital in their planning and practice has been recognised as a
priority area for future research (Natural Capital Initiative, 2015).

The research described in this paper responds to the demand for
approaches that allow for transparent reporting on the de-
pendencies of the water sector on natural assets. The ‘Catchment
Metabolism’ (CM) concept and modelling schema, a structured,
transdisciplinary approach for modelling catchments systems and
gathering data for integrated asset management purposes is intro-
duced. The synthesis of well-established methods and tools avail-
able from other disciplines are used in synergy to shape the basis for
integrating natural capital in the strategic planning schemes of the
water industry. The whole-system approach developed is based on
the principles of integrated catchment management (ICM), water
accounting and environmental regional input-output analysis (E-
RIO). It builds on a combination of concepts and methods that have
been reviewed and approved for their ability to address sustain-
ability issues (Little et al., 2016; Ma et al., 2015; Paterson et al., 2015;
Xue et al., 2015; Rudell et al., 2014), and shape optimised planning
strategies (Ma et al., 2015; Rudell et al., 2014; Daniels et al., 2011) for
better resource efficiency. The CM schema offers a conceptual
approach where researchers and end users can conceptualise
catchment systems and their processes, which is essential for inte-
grated water resources management (Macleod et al., 2007).

The outputs of this research will be used by our industrial
partner to demonstrate they are meeting the UK national policy
demands for integrated and resilient asset management. The CM
modelling schema responds to the need for evidenced based ap-
proaches, which can be used in the practical application of sus-
tainability and systems thinking principles in the water industry. It
is tailored to address current challenges of the water sector and its
design enables practitioners to apply research advancements. One
of the advantages of the schema is that systems-thinking is
required, hence, collaboration among experts and stakeholders
within the water sector occurs. This reflects the transdisciplinary
nature of the work.

Despite its structured and comprehensive design, it is a rather
sophisticated and data intensive methodology which requires
collaboration among experts and the automatisation of processes in
a later stage. The application of the schema in diverse typologies of
catchments is required to evaluate its flexibility and highlight areas
for future improvement. More case study applications may provide
further practical insights and facilitate the integration of the
approach in every day practice.

The paper is organised as follows: after the introduction, the
system boundaries of the research and the creative process for
identifying the appropriate techniques used to formulate the un-
derpinning methodology are described. The synthesised approach
is then presented and the Catchment Metabolism modelling
schema is applied to a ‘live’ water sector case study. The paper
concludes by discussing the future steps for the practical applica-
tion of the schema in the UK water sector.

2. Setting the system and research boundaries

The catchment is selected as the unit of analysis as the most
suitable scale to assess water sustainability (Papacharalampou
et al., 2015; Nafi et al., 2014; Hester and Little, 2013) and the in-
teractions between the different types of capital (P�erez-Maqueo
et al., 2013). In this paper, catchments, as defined from a hydro-
logical perspective, (i.e. the geographical area within which a sur-
face watercourse or a groundwater system delivers its water) are
the regional scale of interest. They are defined as hybrid integrated
systems, which include both natural elements (biosphere) and
infrastructure (technosphere); thus, they are defined and con-
ceptualised as complex asset systems. Following the principle of
integrated water resources management and ecosystem services
(Cook and Spray, 2012), the ecosystem is considered as a stake-
holder who plays an active role within the boundaries of the
catchment.

The Poole Harbour Catchment (PHC) was selected as an example
catchment and is used throughout the paper to show the applica-
tion of themodelling schema. Poole Harbour in Dorset (South-West
England) has a catchment area of 820 km2 with predominantly
agricultural land use (80% of land use, EA, Nitrogen Reduction
Strategy report, 2013). The area contains many sites of local,
regional, national and international importance and is designated
as protected area under a number of conventions and directives.
The inflowing rivers in the harbour cover amajor drainage area. The
substantial part of the catchment lies to the west and is drained by
the River Frome and the smaller River Piddle. To the north and
south are the much smaller catchment areas of the Sherford River
and Corfe River respectively, and also the catchments of several
minor streams (Fig. 1).

The PHC was selected as a pilot area to participate in the na-
tional Catchment Based Approach initiative launched in 2012.
Investigation of the catchment's environmental pressures and the
status of its watercourses revealed that nitrogen pollution is its key
environmental issue (Environment Agency, Nitrogen Reduction
Strategy report, 2013).

To date, efforts to reduce nutrient levels in the watercourses
have mainly focussed on point-source inputs of nutrients and
Wessex Water Services Ltd (WWSL) have invested in physical
infrastructure solutions such as the addition of phosphorus and
nitrogen removal at sewage treatment works in order to address
the problem and meet statutory standards. While point-source
loads of nitrogen into Poole Harbour have reduced significantly,
there have not been equivalent efforts devoted to diffuse pollution
from farming and other land use, which have been identified as the
major contributors of nitrogen to the Harbour. However, the in-
fluence of background factors (e.g. geology) in combination with
the current nitrogen management in the catchment has not yet
resulted in evident declines in the Harbour's nitrate concentrations.
Work to address the diffuse pollution has been initiated by WWSL
which focusses on partnership-based catchment management for
the reduction of nitrates in groundwater and the improvement of
the status of surface water.

A more holistic approach, informed by analysis of the system's
inputs and outputs, is required in order to improve decision-
making and in time, the overall condition of the Poole Harbour
and its catchment (Papacharalampou et al., 2015).

3. Creating the catchment metabolism modelling schema

The Catchment Metabolism (CM) schema is designed on a
robust, transdisciplinary basis but is also practical, so that it can be
easily used from water practitioners. Its feasibility to serve
everyday practice is validated through an industrial case study in
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