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Summary 

 

The Water Framework Directive gives equal weight to chemical and ecological status. The 

primary determinants of ecological status are, in turn, biological status, hydromorphological 

status and physical-chemical elements. The science of hydroecology is relatively new and 

quite how elements of biological status can be linked to physical and chemical pressures is 

the subject of ongoing research. 

 

The objective of the study was to examine the effects of uncertainty on the calibration of a 

river flow-ecology model, and how this affects ability to detect the effects of water 

abstraction on river ecology, over and above the effects of naturally varying river flows. This 

is an extremely challenging task and one which has rarely been attempted in the past, even 

without consideration of uncertainty. Water abstraction acts to reduce river flows that would 

have occurred naturally. River flows can vary considerably over time, and so any model 

which describes the potential impacts of abstraction must also consider historical flows: this 

is the central hypothesis of the modelling. Subsidiary aims of the project have been to 

examine the effects on model parameters of uncertainty in indices calculated from 

macroinvertebrate sample data, and in water use data. 

 

The River Kennet in southern England was chosen as a case study, it being relatively data-

rich it being a sub-catchment of the larger Thames, which was chosen for the databasing 

elements of the HarmoniRiB project. Macroinvertebrates were chosen as the target organism 

as there is a relatively large amount of data available for them, and something is known 

about uncertainty in derived indices. 

 

The main datasets used are:  

• gauged river flows 

• artificial influences to river flows (groundwater and surface water abstractions in this 

case) 

• an index of the macroinvertebrate community (LIFE score) which is designed to 

respond to changes in flow and flow pressures. 

These datasets are all the result of routine monitoring programmes undertaken by the 

Environment Agency of England and Wales, to whom we are very grateful for providing the 

data. Uncertainties in each of these datasets is considered. 

 

There are few process-based models linking pressures to river ecology, hence much of the 

progress that is made in our understanding is still through the use of empirical (often 

statistical) models. Furthermore, few have attempted to integrate uncertain hydrological and 

ecological data, so this study is very much exploratory.  

 v



 

The study has highlighted the difficulties in preparing good quality time series of historical 

flows and abstractions at ungauged sites, even when relatively comprehensive data are 

available to start with. The study has resulted in a new approach for the integration of 

uncertain physical pressure and biological response data which could be applied in other 

contexts. Although the relationships between historical flows and the LIFE score were clear, 

it was not possible to demonstrate a link to abstraction data as well. Several factors may 

have contributed to this, particularly the small number of sites used in the study.  

 vi



1 Introduction  

1.1 General  

1.1.1 The Water Framework Directive 

In 2000 the European Parliament and Council passed the ambitious directive 2000/60/EC 

establishing a framework for Community action in the field of water policy, known as the 

Water Framework Directive (WFD). The key objective of the directive is to achieve ‘good 

ecological status of Europe’s water resources by 2015’, including groundwater (article 1-d, 

purpose of the directive: “ensures the progressive reduction of pollution of groundwater and 

prevents its further pollution”).  

To achieve this objective a number of activities need to be carried out, leading to an 

Integrated River Basin Management Plan (RBMP) in 2009 (figure below). The river basin 

management and planning process prescribed in the WFD focuses on integrated 

management, involving all physical domains in water management, sectors of water use, 

socio-economics and stakeholder participation. As such, the WFD poses new challenges to 

water resources managers. The traditional physical domain specific and sectoral approaches 

need to be combined and extended to fulfil the WFD requirements. A major part of such a 

RBMP will be the programme of measures that needs to be implemented to achieve the 

objectives. 

Visualisation of the time line of the WFD and its required activities and deliverables (CIS, 2003). 
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Though the WFD’s focus lies on achieving ‘good ecological status’ of Europe’s water 

resources, it more broadly aims at sustainable water use, covering issues such as droughts 

and floods (article 1-e, purpose of the directive: “contributes to mitigating the effects of 

floods and droughts”). Two other relevant directives are currently in preparation: The 

Groundwater (WFD-Daughter) Directive and the Flood-directive. In addition to the measures 

required under the Water Framework Directive, the proposed Groundwater Directive 

introduces measures for protecting groundwater from indirect pollution (discharges of 

pollutants into groundwater after percolation through the ground or subsoil).  

In practise, the implementation of the WFD depends very much on our interpretation and 

knowledge of e.g. ‘good ecological status’, processes, cause-effect relationships, costs, etc. 

This knowledge is general is incomplete and uncertain: Hence, when making decisions this 

need to be acknowledged and taken into account. Developing new methods and tools to 

handle uncertainties in data and models is the primary objective of the HarmoniRiB project.  

 

1.1.2 The HarmoniRiB project  

HarmoniRiB is a Research and Development project carried out under, and sponsored by, the 

European Commission’s “Energy, Environment and Sustainable Development” programme, 

Key Action 1 “Sustainable Management and Quality of Water”, 1.1 Integrated management 

and sustainable use of water resources at catchment river basin or sub-basin scale, 1.1.1 

Strategic planning and integrated management methodologies and tools at catchment/river 

basin scale. 

As can be concluded from chapter 1.1.1 there is a clear and urgent need for developing new 

methodologies and tools that can be used to assist in implementing the WFD. The 

HarmoniRiB project aims to deliver some of these new tools, focussing on issues of 

uncertainties. 

The overall goal of HarmoniRiB is to develop methodologies for quantifying uncertainty and 

its propagation from the raw data to concise management information. The four specific 

project objectives are: 

• To establish a practical methodology and a set of tools for assessing and describing 

uncertainty originating from data and models used in decision-making processes for the 

production of integrated water management plans. It will include a methodology for 

integrating uncertainties on basic data and models and socio-economic uncertainties into 

a decision support concept applicable for implementation of the WFD;  

• To provide a conceptual model for data management that can handle uncertain data and 

implement it for a network of representative river basins.  

• To provide well-documented datasets, suitable for studying the influence of uncertainty 

on management decisions for a network of representative river basins and to provide 

examples of their use in the development of integrated water management plans.  
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• To disseminate intermediate and final results among researchers and end-users across 

Europe and obtain and incorporate feedback on the methodologies, tools and the 

datasets. 

Thus, the HarmoniRiB project aims to support the WFD implementation, by addressing issues 

of uncertainty in data en modelling, and by developing a ‘virtual laboratory for modelling 

studies’. This virtual laboratory will comprise of a set of river basins, of which data relevant 

to modelling and the WFD, are readily available for the scientific community. The data can 

be used for comparison and demonstration of methodologies and models relevant to the 

WFD. 

 

1.2 The Kennet catchment  

1.2.1 Geographical area 

 

Figure 1-1 illustrates the location of the Kennet, a sub-catchment of the River Thames, 

located in central southern England. The area of the catchment is approximately 10,000 

km², and much of this lies on permeable chalk geology. The catchment is of predominately 

rural character, and there is considerable use of the water resource for public supply and 

agriculture. 
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Figure 1-1. The Kennet and Thames catchments 
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1.2.2 Brief description of problem 

 

The Water Framework Directive sets ecologically-based targets for river management: in 

terms of deviation from reference conditions. While much research has been undertaken on 

the impacts of organic pollution and nutrient enrichment on river biota, much less is known 

about the impacts of altered river hydrology on river biota. Reasons for this include: 

• Where water quality is at least moderately impacted, any signal from hydrological 

alteration is obscured; 

• Until relatively recently, water quality research received the greatest focus and 

funding; 

• By and large, river flows vary naturally by far greater orders of magnitude than 

chemical determinands; 

• Little data are often available on the actual volumes abstracted from rivers by water 

users, and on temporal patterns of abstraction. 

 

The Kennet is a useful river on which to study these problems as data are relatively plentiful. 

Given that most lowland rivers are impacted my multiple stressors, it is interesting to know 

whether simple stressor-biota models can be developed. The reason that this is at all 

possible is that one can use repeated measures of the biota through time to gain power in 

an analysis. It is bound to be the case that other stressors affect the absolute magnitude of 

a biotic index, however by examining temporal relationships with a specific stressor, and 

more specifically the slope of the stressor-biotic index response, it is hoped that some 

progress can be made. 

1.3 Objectives  
 

The objective of the study is to examine the effects of uncertainty on the calibration of a 

river flow-ecology model, and how this affects ability to detect the effects of water 

abstraction on river ecology, over and above the effects of naturally varying river flows. This 

is an extremely challenging task and one which has rarely been attempted in the past, even 

without consideration of uncertainty. Water abstraction acts to reduce river flows that would 

have occurred naturally. River flows can vary considerably over time, and so any model 

which describes the potential impacts of abstraction must also consider historical flows: this 

is the central hypothesis of the modelling. Subsidiary aims of the project are to examine the 

effects on model parameters of uncertainty in indices calculated from macroinvertebrate 

sample data, and in water use data. 
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1.4 Relevance for Water Framework Directive Implementation  
 

The Water Framework Directive (WFD) requires the objective of Good Ecological Status 

(GES) to be met in all natural water bodies (those which are not designated Heavily Modified 

or Artificial). Implementation of the WFD requires a combination of monitoring, pressure-

impact assessment and action to reduce those pressures which are having an impact. 

Although in some simple cases, it may be possible to link impacts with pressures easily, in 

most cases, such linkages are not obvious, and require detailed analysis. Whilst most other 

HarmoniRiB case studies are either considering the third dimension to the problem (how to 

take action once an impact is identified), this study focuses on whether an impact can be 

detected, using existing monitoring data. This is of relevance to the WFD. 

 

2 The Thames and Kennet Catchments 

2.1 General overview 

2.1.1 General 

 

Thames overview and geology 
The Thames has a catchment area of around 13,000 km²; this includes the main Thames 

and tributaries such as the Kennet and Cherwell. It includes much of the rural areas of the 

counties of Wiltshire, Oxfordshire and Berkshire, and urban areas such as Oxford, Newbury, 

Reading, Slough, Luton and London. The catchment has a growing population of 12 million, 

and is under severe pressure to provide adequate living space, water resources and waste 

disposal. The designated “Main River1” length is 5,330km and the area of floodplain is 896 

km2.  

 

The geology is varied; much of the north and west of the catchment is of permeable 

geology: a band of chalk runs from the town of Marlborough in the southwest, across the 

centre of the catchment to the Luton in the northeast. To the north/west of this runs 

impermeable Oxford clay, beyond this the small streams of this area, including the Thames 

itself, rise on Oolitic limestone. From Newbury, through Reading across the south and east, 

the catchment is underlain by London clay. The river itself runs over alluvial gravels and 

sands for much of its length. 

 

                                            
1 “Main River” indicates river channel that the Environment Agency has permissive powers for 
undertaking flood defence works. The Agency has fewer powers on “Ordinary Watercourses”. 
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The region is amongst the driest in the UK. It receives an average of 690mm rainfall per year 

compared with an annual national average of 897mm. The average runoff is approximately 

260mm per year, however this is not evenly distributed either spatially (Figure 2-1) or 

temporally, with the majority occurring within the winter months. This means that there is 

extra pressure during the summer months, when demands by users, for example farmers 

carrying out spray irrigation, may be highest.  

 

 

Figure 2-1. Runoff within the Thames Catchment in mm/year 

 

The Thames is home to important wildlife habitats and there are 146 sites of special 

scientific interest within 5km of its banks. The Tidal Thames is now cleaner and healthier 

than it has been for nearly 200 years and supports a wide variety of wildlife including 119 

species of fish. The River Kennet is a renowned trout fishery and is particularly designated 

for the conservation value of its instream plants and floodplains.  

 

The region has less than 10% of the land area of England and Wales, but nearly a quarter of 

the population and generates more that a quarter of the Gross National Product. Agriculture, 

both crops and livestock is the main land use in the rural areas of the catchment. The 

“Thames Valley”, a loose term referring to much of the lower part of the catchment area, is 

0 -  19 2
Runoff (mm)

19 3  -  2 49
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dominated by “knowledge-based” industries, particularly information technology firms, but 

also pharmaceuticals, specialist manufacturing and professional service industries. These are 

attracted to the good communication links, e.g. London, Heathrow Airport, the skilled 

workforce and the attractive environment.  

 

Management 
The Environment Agency is responsible for the management of water resources, water 

quality and flood defence in England and Wales, the Agency also has responsibilities for 

ecology / conservation and navigation. Water management is organised on a catchment 

basis, so the entire Thames is covered by one region. The Thames has been subdivided into 

a further 14 catchments for which Catchment Abstraction Management Strategies, CAMS, are 

being developed. These operate on a six year cycle the first of which was completed in 2003. 

The management of water resources within the Thames has a high profile due to both the 

limited supply and the increasing demand on the resource.  

 

The Kennet 
The River Kennet is the largest tributary of the Thames. It rises to the north west of the 

town of Marlborough and flows eastwards to its confluence with the Thames at Reading, 

some 70km east of its source. It passes through the towns of Marlborough, Hungerford, 

Newbury and Thatcham. The Kennet catchment area is 1164km², consisting of 315km of 

Main River2. The Kennet and Avon canal runs parallel with the River Kennet downstream of 

Hungerford, at times sharing the same channel. Defined by the Berkshire and Marlborough 

Downs to the north and the Hampshire Downs to the south, the area is predominantly rural 

in character.  

 

The River Kennet has many pressures from human activity. These include navigation, flood 

defence, groundwater abstraction, fisheries (commercial and recreational), and some 

urbanisation. It also receives effluent from sewage treatment works, and its catchment, 

especially the floodplain area are high quality agricultural land. 

 

Despite these pressures the ecological status of the river is generally considered to be good. 

The Kennet is primarily a groundwater-fed river, so it has a stable flow regime with high 

levels of base flow. It is also a good example of a waterbody with relatively extensive data 

sources. There is a great deal of information available including regular biomonitoring, a 

flood defence GIS, a geomorphological inventory, fish population data and various scientific 

studies relating to the ecological effects of groundwater abstraction in the catchment. 

                                            
2 “Main River” indicates river channel that the Environment Agency has permissive powers for 
undertaking flood defence works. The Environment Agency has fewer powers on “Ordinary 
Watercourses”. 
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Surprisingly, the number of River Habitat Surveys (RHS) per kilometre of river is relatively 

low compared to other lowland catchments.  

 

Kennet geology and hydrology 
The Kennet Valley’s solid geology is comprised of chalk which is overlain in the east by the 

clay sands of the western end of the London Basin syncline. The Lower Chalk outcrops along 

the northern boundary of the catchment with progressively younger rocks to the south east. 

These include the Middle and Upper Chalk and above those the tertiary Clays and sands of 

the Reading beds, London clay and Bagshot beds. The gravel deposits in the Lower River 

Kennet and on the Tertiary strata outcrops are an important mineral resource whose use is 

of significance to the water environment.  

 

Aside from the upper Kennet (the main river upstream of Hungerford), the river has seven 

tributaries, the Lambourn, Enbourne, Foundry Brook, Dun, Aldbourne, Shalbourne and the 

River Og (Figure 2-2). The Kennet catchment has a maximum altitude of 297mAOD3; the 

river itself flows from an altitude of 190mAOD at its source to 50mAOD at its confluence with 

the Thames. 
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Figure 2-2. The Kennet Catchment 

 

The Kennet catchment receives a Standard Average Annual Rainfall (SAAR) of 764mm, 

although spatial variation in topography and climate cause rainfall totals to range from 

900mm on the Hampshire Downs to 650mm at Reading (Howarth et al. 1996). The 

hydrological regime of the catchment is typical of a Southern English Chalk stream. A 

                                            
3 Above Ordnance Datum 
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permeable geology creates a flow regime that reacts relatively slowly to rainfall events with 

variations in flow occurring at a seasonal temporal scale. Peak flow occurs between January 

and March with a steady decline in discharge throughout the year until October.  

 

The permeable geology causes there to be less difference in magnitude between extreme 

high flow and extreme low flow events in comparison to other more impermeable 

catchments. For example, at Theale the mean flow of the River Kennet was 9.6m3s-1 for the 

period 1961-1995 with the 10 and 95 percentiles being 16.8 and 3.8m3s-1 respectively. When 

extreme events do occur (e.g. the high flows in winter 2000/2001 and the summer drought 

of 1976), they can be prolonged in nature. Flow statistics are illustrated in Table 2.1 and 

Figure 2-3. The tributaries of the Og, Aldbourne, Dun, Lambourn and Enbourne are also 

gauged. 

Table 2.1 Gauges on the main Kennet 

Gauge Catchment 

Area (km²) 

Record Mean Flow 

(m³/s) 

Mean 

Annual 

Flood 

(m³/s) 

Base Flow 

Index 

(m³/s) 

Q10 

(m³/s) 

Q95 

(m³/s) 

Marlborough 142 1972- 0.85 3.2 .95 2.0 0.08 

Knighton 295 1962- 2.50  .95 5.2 0.60 

Newbury 548 1989- 4.64  0.92 9.5 1.82 

Theale 1033 1961- 9.64 37.3 .87 16.8 3.84 
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Figure 2-3. Flow duration curves for gauges on the main Kennet 

 

2.1.2 Description of problems 

2.1.2.1 General: Pressures, Impacts, water competition (focus relevant to 
objectives), also relating to the WFD (short) 

 

Water resources 
Throughout the Thames, abstractions occur from both surface water and groundwater 

sources. A number of major aquifers exist within the limestone of the Cotswolds and the 

chalk of the Wiltshire and Berkshire downs and the Chiltern Hills. Aquifers can act as natural 

storage reservoirs, which are replenished during the winter months and utilised during 
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periods of low flow thus are an advantage in attempting to manage the water resources 

within a pressured area. 

 

Approximately 55% of the available resource is abstracted. The amount of natural resource 

available to users locally will depend on the specific environmental sensitivity to abstraction 

and current levels of abstraction. Of this 85% is used for public water supply and the 

remainder is abstracted directly by industry and agriculture.  

 

As part of the management strategy within the Thames Region the resource availability of 

the catchment has been assessed for surface water and groundwater. These indicate that, at 

present, during the summer months, there is currently no additional water available for 

approximately 80% of the Thames. During the winter months there is currently a surplus, 

whilst for groundwater sources approximately 50% of the catchment has no surplus.  

 

With future demand set to increase, the population is estimated to increase by 800,000 by 

2025, and the uncertainties associated with the effects of climate change the effective 

management of the limited resource has become increasingly important. 

 

Various measures, directed at both the demand and the supply side, are proposed to 

alleviate the pressures and allow for future growth within the catchment. These include: 

encouraging more efficient use of water both in the home, in agriculture and industry, 

reducing the amount of leakage from pipes, and enhancing public water supplies by 

improving and creating existing and new schemes such as the use of canals and water 

transfers. 

 

Flood Defence 
Parts of the Thames catchment are particularly prone to flooding; these include areas north 

of Oxford on the River Cherwell. On the lower reaches, the artificial Jubilee River was 

completed in 2002; this is the largest river flood alleviation scheme in the UK and bypasses 

the towns of Maidenhead, Eton and Windsor. The Thames Barrier protects London from high 

tides. There are estimated to be over 180km of flood defence embankments along the 

course of the Thames. 

 

Water Quality 
Beginning with the Industrial Revolution, the Thames has had a history of pollution, 

particularly in the London area. Successive campaigns have been aimed at improving water 

quality, firstly gross organic pollution, and latterly nutrient enrichment.  

 

Figures for 2001 indicate the following statistics for the Thames. 
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Class % Length 

A (very good) 27.2 

B (good) 40.6 

C (fairly good) 18.8 

D (fair) 10.4 

E (poor) 3.0 

F (bad) 0.0 

 

2.1.2.2 This case study Description of problem discussed in the case study (long 
in comparison to previous) 

General Background  

Since 1989, water supply and sewerage in England and Wales has been the responsibility of 

publicly listed companies (i.e. not state-controlled enterprises). They are regulated by 

various government bodies, but particularly by the Environment Agency with regard to how 

their activities affect the environment, and by OFWAT (Office of Water Services) with regard 

to their monopoly position, their requirement to supply water and the prices they can 

charge. In some cases there are relatively small companies supplying water (but not 

sewerage), but the majority of the population are supplied by large companies organised on 

a catchment basis. Thames Water is one such company.  

 

Identifying the problem 

 

Good Status reached or failed? 
Thames Water, or their predecessors have been taking groundwater from a site at Axford, 

very close to the River Kennet, since 1965. Although the abstraction is from groundwater, it 

is in a zone of high permeability, and it is agreed that for the purposes of impact 

assessment, the water can be considered to come from the river. Increasing quantities of 

water have been taken since then, with a temporary licence being granted for this. 

Increased abstraction was only allowed when the flows at a nearby gauge were above 61.4 

Ml/d. Much of the water is transported outside the catchment to the rapidly growing town of 

Swindon, so is a net loss. Thames Water applied for the temporary licence to be renewed in 

1994, and the Environment Agency deemed that further restrictions on abstraction were 

necessary to protect the river. 

 

Thames Water disputed this, so a public inquiry, completed in 1997, discussed the case for 

more stringent controls on water abstraction. This highlighted ongoing uncertainties in the 

links between pressures and ecological status, even for a well-studied catchment like the 

Kennet. In addition it highlighted differences in approaches for estimating the economic 
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value of water remaining in the river vs. water used for public supply. Since then further 

investigations have been completed, although no firm conclusions have been reached.  

 

The EA has a duty to take account of likely costs and benefits of their decisions, hence the 

need for an economic analysis. Recipients of those costs and benefits are defined broadly. 

There are no specific criteria such as benefits outweigh costs, only that they must be 

considered. In this case, there would be economic costs to Thames Water in having to move 

water from other existing sources and/or develop new sources, in order to meet this 

demand.  

 

The main indicator used is the ecological status of the river (in this case the words ecological 

status are used in general terms as the background information pre-dates the WFD by 

several years). The Kennet is nationally recognised as of high ecological importance, for its 

diverse macrophyte and macroinvertebrate communities. Much of the river is designated as a 

site of special scientific interest (SSSI). Although the upper Kennet is not designated under 

the European Habitats Directive, it could be argued that the Kennet does warrant an 

objective of “high” status. The Environment Agency used the status of the river as the main 

reason to justify restricting water abstraction, but because of the cost-benefit framework 

adopted, and the fact that there is no direct link between Good Status and economic 

valuation, the economic valuation took into account indirect factors such as fishing, house 

prices, leisure activities, and “non-use” values. 

 

Concentration on one or two problem fields 
On the Kennet, the main problem field is the reduced flows in the river (due to abstraction) 

and its consequent detrimental impact on the ecology. Subsidiary problem fields are the 

morphology of the river (since habitat is a function both of river flow and channel structure) 

and nutrient enrichment (eutrophication). 

 

Identifying the decision maker(s) 
In this case, the Decision Maker is the Environment Agency. They are the regulatory agency 

and have the regulatory power to give abstraction licences, but are also accountable for their 

decisions. In other cases, for example when considering diffuse nutrient input to rivers, or 

historical river channel alterations, the EA still have overall river management responsibility 

but have far fewer powers to take direct action. 

 

Identifying the problem and uncertainty  
The problem is water abstraction, causing reduced river flow within the Kennet and thus any 

consequent impact on the ecology of the river. There is uncertainty as to the meaning of 

Good Status, this is quite important, but as part of the project, only basic assumptions can 

be made about this uncertainty. There is uncertainty as to the extent of the impact and 
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whether there is a risk of not achieving Good Status. In addition there will be uncertainty in 

how much the abstraction needs to be reduced in order to not have a detrimental impact. In 

this example it will be difficult to encompass both these sources of uncertainty so it is 

necessary to make the assumption that the abstraction does cause the river to fail to achieve 

Good Status. In this case, the problem then becomes one of identifying the most cost-

effective measures for the achievement of Good Status.  

Preliminary list of objectives 

 

Objectives 
Weightings, (dis-)proportionality and exceptions. Two issues could arise here. Firstly the 

Kennet could be designated as a Heavily Modified Water Body under the WFD. This would 

require that there are modifications to the physical character of the river which continue to 

provide economic benefit which outweighs their negative effects. In the case of the Kennet it 

has had a long history of modification, partly for land drainage and flood defence (through 

bed lowering and channel widening) and partly for navigation (the river provides water to 

the Kennet and Avon canal and the canal and river run together in certain stretches). 

However the upper parts of the Kennet which are the focus for the study are not really 

subject to these impacts.  

The second of these objectives concerns timing. If we assume that the river fails to achieve 

Good Status, it could be determined that it is most cost-effective to restore the river over a 

period of time which is longer than that initially required by the directive. In this case, the 

river would initially fail its objectives, but there would be a derogation. We will not consider 

this further here.  

 

Criteria 
Within the Kennet a number of methodologies can be used to assess whether the river will 

achieve ‘Good Status’. Previous work on the Kennet used a model (PHABSIM – physical 

habitat simulation) to derive a flow value where the reduction in habitat caused by the 

abstraction was no more than 10%. This figure was derived partly with uncertainty in mind, 

as it was deemed that chance variation would mask any figure less than 10%. 

 

Since the relationships between river hydrology and ecology are often poorly understood, 

hydrological criteria are often used as a surrogate to define acceptable flow alteration. The 

Environment Agency now has a Framework (RAM – Resource Assessment and Management) 

which it uses for this, this uses pre-defined allowable “takes” of water at a number of points 

on the natural flow duration curve. RAM also uses ecological criteria, notably the LIFE (Lotic 

Invertebrate Index for Flow Evaluation).  

 14



 

Costs 
Thames Water would directly bear the costs of any reduction in abstraction from the Kennet. 

They evaluated the costs of several different options which would be needed if this occurred, 

these are discussed in the next section. Additional costs would be associated with holding a 

public inquiry and with monitoring the status of the river. 

Uncertainty about objectives and criteria 

For the Kennet, this remains one of the largest sources of uncertainty. The original work on 

the Kennet was undertaken prior to the WFD, with its objective of Good Status, and prior to 

the development of the Environment Agency’s RAM framework, which sets more 

interpretable criteria (but still with some flexibility). 

 

Definitions 
The Environment Agency is the decision maker, and it is Thames Water who is actually 

abstracting water. Thus strictly speaking, the licensing of water abstraction is an actor-

related action. However, in theory, there is very little uncertainty as to the adoption of such 

an action. The only uncertainty surrounds whether Thames Water will dispute the 

determination and take the matter to a public inquiry. This did indeed happen, there is good 

information on the costs of such an inquiry. Because of this lack of uncertainty, the situation 

bears some resemblance to the environment-related actions context. 

 
List of measures 
Any measure or combination of measures will need to achieve the overall objective of Good 

Status in the Kennet.  

 

Possible measures include: 

Thames Water reduce the amount of abstraction. The options may consider combinations of 

Hands Off Flows (abstraction must be substantially reduced once the flows in the river are 

reduced to the HOF) with a number of different licensed abstraction volumes.  

This will require TW to obtain some water from elsewhere. The key options to achieve this 

are  

• Import water from Farmoor reservoir (requires building a new pipeline from 40km 

away to Swindon) 

• Provide nitrate removal at another source 

• Develop artificial recharge of other aquifers near to Swindon 

• Transfer water from Swindon back to River Kennet 

Replacement of the water with water from elsewhere was the main option considered for the 

Kennet. Clearly these all require major capital works, for which there is a significant up-front 

capital cost.  
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Other potential measures include: 
Moving towards Good Status by restoring some of the morphology of the river channel. 

Reducing the amount of water needed by  

Reducing leakage 

Encouraging customers to reduce water usage. 

 

Incomplete list of actor-related measures 
Any action to reduce abstraction would be a direct actor-related measure. In contrast, any 

efforts to restore the river channel would need to be undertaken on a more voluntary basis. 

Measures such as reducing leakage and encouraging customers to reduce water usage lie 

somewhere in between. 

 

Short cut for this case study 
We consider only impacts to river flow, as these can be addresses using environment-related 

measures, there is no additional uncertainty over whether they are adopted or not. While it 

would be interesting also to address river restoration and diffuse pollution measures, 

because they involve influencing actors, we have too little information on the uncertainties in 

this extra step. Hence we have focused on more quantifiable uncertainties. 

 

Combining measures to alternatives 
Under some circumstances, a single measure on its own could be enough. One example 

would be a major reduction in abstraction, and provision of water from the pipeline from 

Farmoor reservoir. This is a relatively costly single measure, so to justify it, a large reduction 

in abstraction would have to be required.  

 

There is also considerable scope to combine measures. This is particularly important if it is 

decided that an intermediate or small reduction in abstraction is required. For example, river 

restoration measures could be combined with leakage control and the upgrading of another 

source. 

2.1.3 Uncertainty about alternatives 

Many of the measures involve reduction of the abstraction, in which case there is uncertainty 

that the measures will achieve the aim of meeting ‘Good Status’. 

River restoration is also an inexact science, there is uncertainty as to whether restoring the 

river will have sufficient effects. 

Concerning leakage control and reduction in consumption, other measures need to be taken 

to achieve these. This brings additional uncertainty. 
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Finally there is uncertainty in time. Good Status may be achievable, but sometime after 

2015. Leakage control may be achievable, but such schemes take time to engineer and 

implement. 

 

2.2 Data availability overview 
 

The primary data used in the case study are: 

• Gauged river flows 

• Data on the locations and quantities of water abstracted and discharged: both 

surface water and groundwater 

• Biological data 

 

These have all been collected by the Environment Agency as part of their national monitoring 

programme. In addition, there are data on the geomorphological condition of the river 

channel, collected as part of a one-off survey. 

 

Macroinvertebrates were chosen as the target organism as there is a relatively large amount 

of data available for them, and something is known about uncertainty in derived indices. One 

alternative would have been fish, however fish communities can be affected considerably by 

practices such as stocking and habitat management, which are not part of this study. 

Another alternative would have been fish habitat, however on chalk streams such as the 

Kennet, fish habitat is strongly affected by macrophyte growth, which in turn is affected by 

historical flows, this adds additional complexity. 

 

2.3 Model use overview 
 

2.3.1 Hydro-ecology 

 

In essence, the model in this study is an empirical relationship, fitted using a statistical 

approach. The explanatory covariates are those known to be important in other studies, 

hence the focus is on the significance of these covariates and their parameter values rather 

than on any stepwise procedure testing many potential covariates.  

 

The response variable, LIFE score is an aggregate index of the macroinvertebrate 

community, calculated from sample data. The key covariates are a two level factor 

representing season (spring or autumn), and continuous variables describing site and time-
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specific flows and abstraction levels antecedent to the date that each macroinvertebrate 

sample was taken.  

 

Of particular interest is the covariate representing abstraction levels. It is of interest to river 

managers the extent to which artificial influences to river flows could be altering river 

ecology. However, in previous studies, although relationships have been demonstrated 

between LIFE score and historical flows, no-one has demonstrated a relationship between 

LIFE scores and abstraction levels.  

 

Multilevel regression is used as the framework with which to formulate the models. This 

allows consideration of a nested hierarchy of explanatory variables, while retaining correct 

degrees of freedom, one can also handle situations such as this with unequal numbers of 

observations within the higher-level grouping variable (site in this case). A nested hierarchy 

occurs in this case because the same sites are sampled repeatedly through time, hence 

samples are nested within sites. Considering potential explanatory variables, site 

characteristics act at the higher level, whereas flow indices act at the lower sample level. 

The results of a multilevel are initially more difficult to interpret, but they do give significantly 

more information, and allow more questions to be answered than more simplistic site by site 

regressions or lumped models which do not consider the nested nature of the data. In this 

context, the results take the form of fixed effects, giving the overall response in terms of 

intercept and slope, and random effects, expressed as standard deviations (or variances), 

giving the variation around the overall response. 

 

In a multilevel model of LIFE vs. flow for a set of sites, regression lines for individual sites 

may still be predicted, despite being a random variable rather than a parameter: the results 

of a regression for a site do not just depend on the data from that site, but also on the data 

from other sites. The extent to which these two factors interact depends on the quality of fit 

and the numbers of data points at the site. Thus the line reflecting the relationship between 

LIFE and flow at a site with relatively fewer data points or with a weak relationship will be 

more strongly pulled towards the overall relationship for all sites. It should also be noted that 

the ability of the models to detect differences between sites will be dependent on the 

number of sites, and on the within site variance not explained by flow.  

 

2.3.2 Hydrology 

 

For the hydrological assessment hydrometric data and artificial influence (i.e. water 

abstractions from the river and discharges to the river) data are required. A number of 

gauging stations that can provide mean daily flows are present within the catchment. 

License information, relating to abstractions, and Consent information, relating to discharges, 
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is available from the regulatory authority, the Environment Agency. These provide 

information such as the annual licensed or consented volume for abstraction or discharge, 

and the location of the impact. However these can be complicated as they can be multi site, 

as well as being multi purpose within a given license or consent. 

 

In order to obtain daily natural and influenced flows at each of the ungauged sites a number 

of steps are required. 

 

1. The flows at the gauging station are naturalised using estimates of artificial influence 

data. 

2. The naturalised flows are transposed to each of the other sites. This is completed by 

rescaling the naturalised flows using estimates of mean flow obtained from the Low 

Flows 2000 software (Young et al. 2000, Holmes et al. 2005) 

3. The artificial influences within the catchment at each assessment point are identified. 

4. Daily time series are estimated for each artificial influence within each catchment and 

are aggregated to provide an estimate of the total influence within the catchment.. 

 

2.3.3 Ecology 

The response variable, termed LIFE score is in itself the product of a “model”. It is calculated 

from the raw macroinvertebrate sampling data, which consist of a list of families of 

macroinvertebrate which are present, along with a categorical estimate of their abundance. 

Further details on the LIFE score are given in the Appendix. 

 

2.4 Uncertainty issues overview 
 

When building a model using both hydrological and ecological data as inputs, there are a 

large number of potential sources of uncertainty. Here we have focused on some of the key 

quantifiable sources of uncertainty. We have chosen to pay limited attention to some sources 

of uncertainty, either because  

• We consider them to be relatively minor, or  

• because we phrase the hypotheses to restrict extrapolation (especially in space). In 

other words, we do not consider the sites as representative of some longer stretch of 

river. 
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2.4.1 Hydrological data 

 
The ecological assessment requires daily influenced flows at a number of biology sampling 

sites. Most of these are ungauged sites where flows have not been measured, although 

some sites are located close to gauging stations. 

 
Uncertainties in the transposed hydrological data will be related to: 

 

1. Uncertainty in the gauged flow 

2. Uncertainty associated with transposing flows to ungauged sites. 

3. Uncertainty in the artificial influence (water abstractions and discharges) data. 

 

2.4.1.1 Uncertainty in the gauged flow 

  

Uncertainty in the gauged flows are associated with the uncertainty in the level information, 

hydrometric errors, and the uncertainty associated with the stage discharge relationship. If 

the gauge is at a natural site then the error associated with the latter is likely to be larger 

than if a weir structure is in place. 

 

The Hydrometric Register for the UK lists the characteristics of most gauging stations in the 

UK and can provide information which can give some guidance as to the uncertainties 

associated with the flows.  

 

The type of structure is noted within the Hydrometric Register. Herschey (1996) estimates 

the uncertainties associated with different types of measurement structures. For the 

structures used within the Kennet this is quoted as 5%. The uncertainty associated with high 

and low flows may be different. The sensitivity of the gauging station is also noted within the 

Hydrometric Register. This is percentage change in flow associated with a 10mm increase in 

stage at the 95% exceedence flow. The higher the sensitivity the greater the error in the 

estimated flow. The sensitivity provides a guide to the susceptibility of low flows at individual 

stations to errors arising from imprecise stage measurement. These normally produce an 

overestimation of flows. i.e. there is a systematic over estimation of flow. For example 

gauging station 39025 has a sensitivity of 15.8%, this can be interpreted as the systematic 

percent uncertainty and could be applied to all flows less than Q95 (the daily mean flow 

exceeded for 95% of the time: a low flow index). Above Q10 (i.e. the daily mean flow 

exceeded for 10% of the time: a high flow index), during high flows, the uncertainty is also 

greater than 5%. Based on expert opinion the uncertainty is estimated to be 20%. The 

bankfull flow is also noted. Since the flows will not be constrained above this the errors 
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associated with using the discharge-stage relationship at the gauging station to estimate the 

flow above this threshold will be large. In the gauging stations used the events are very rare 

and the uncertainty is set at 100% 

 

 
Table 2.2 Uncertainty assessment for gauges on the Upper Kennet 

Uncertainty in % of measured flow Gauging 

Station 

ID 

 

Name 

 

 

 

Type of 

Structure 

 

 

Below Q95 

(Sensitivity)

Between Q95 

and Q10 

Above Q10 Above 

Bankfull 

39025 Enborne at 

Brimpton 

Compound 

Crump weir 

15.8 

 

5 

 

20 

 

100 

 

39037 Kennet at 

Marlborough 

Crump profile 

 

54.2 

 

5 

 

20 

 

100 

 

 

39077 

Og at 

Marlborough 

Flat v triangular 

profile weir 

30 

 

5 

 

20 

 

100 

 

39101 

 

Aldbourne at 

Ramsbury 

Flat v triangular 

profile weir 

40.5 

 

5 

 

20 

 

No 

Bankfull 

 

2.4.1.2 Uncertainty associated with transposing flows to ungauged sites 

 

There will be some uncertainty associated with transposing flows upstream and downstream 

of a gauging station. These come from two sources, a) the variable used to transpose the 

flows (in this case the ratio of natural mean flows of donor and transposed site) and b) the 

temporal similarity of the flows at each site. The first will cause a systematic error to occur 

whereas the second will be a random error. 

 

Estimates of the natural mean flow estimated within Low Flows 2000 (LF2000) (Holmes et al. 

2005) were used to transpose the flows. Previous research has indicated that rescaling using 

the LF2000 mean flow produces better estimates of the time series and flow duration curve 

than rescaling by catchment area. Errors in the estimation of mean flow are approximately 

16% at the 68% confidence level. This could be incorporated by including a systematic error 

within the flow record. Uncertainty associated with transposing the data, not associated with 

the scaling issue, relate to how similar the catchment being transposed is with respect to 

climate, hydrogeology and size. Within the UK it is recommended that the distance between 

the analogue and target catchment is less than 50km and the difference in the BFI HOST 

(Base flow index estimated using Hydrology Of Soil Types (Boorman et al. 1995) is less than 

0.1. In addition, the difference in estimated natural mean flow should be less than a factor 

of 2. Connected analogues, that is catchments which are upstream or downstream of one 

another, are much more useful than non-connected analogues, due to the strong serial 
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correlation between the flow measured at the gauged and the ungauged site, as the water 

that flows past both points has a common component.  

 

A study within the UK, using a dataset of 42 natural connected catchments within the UK 

calculated a median BIAS of 3, a median Nash Sutcliffe efficiency of 0.89 and the median 

BIAS error at Q95 of 13 when comparing the daily time series from transposed datasets to 

measured flows. Whilst this provides some measure of the uncertainty associated with 

transposition it would be difficult to determine how this information could be used to include 

the uncertainty associated with this process. Transposition errors will therefore not be 

included explicitly within the model.  

 
Within the Priority 1 sampling points 34927, 35965, 36146 are at gauging stations. The 

naturalised gauging records can therefore be used directly and no transposition is required. 

 

Sample points 35075, 35101, 36069, 36144, 36147 are upstream of the gauging station 

39025, the Enbourne. Each of the sample sites are within a BFI HOST value of 0.06, and are 

less than 50km upstream. Of the 4 upstream sites two have catchment areas that are less 

than half the size of the gauged catchment. This means the uncertainties in the transposition 

for these two smaller sites will be greater.  

 

The remainder sample point 36079 is just upstream of gauging station 39037. Due to the 

closeness the transposition error will be minimal. 

 

The only other priority 1 sampling point 35951 was at a gauging station on the Shalbourne. 

There were insufficient records at this point to obtain the flow records required for the 

analysis. 

 

The transposition required for each site is noted in Table 2.3. Estimates of Mean Flow are 

provided from the LF2000 software. Shaded lines represent sampling sites which are at 

gauging stations. 
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Table 2.3 Mean flow, estimated using Low Flows 2000 at sampling sites and gauging 
stations  

Sampling Site Gauge Used Sampling Site Natural 

Mean Flow 

Gauging Station 

Natural Mean Flow 

34927 39101 0.513 0.513 

35075 39025 0.138 1.606 

35101 39025 0.24 1.606 

35951 Shalbourne – 

insufficient data 

  

35965 39077 0.597 0.597 

36069 39025 0.151 1.606 

36079 39037 1.189 1.267 

36144 39025 0.496 1.606 

36146 39025 1.606 1.606 

36147 39025 1.003 1.606 

 

2.4.1.3 Uncertainty in the artificial influence (AI) data 

  

Within the UK all abstractions above 20 cubic metres per day are required be licensed. 

Similarly licenses (termed “consents”) are provided for discharges. The licenses are issued by 

the Environment Agency. Abstractions are licensed according to the purpose for which the 

water will be used. Most discharge consents are for sewage treatment works. Although in all 

cases the licensed amount (in terms of volume per day, month or year) is known, the actual 

amounts taken (the artificial influence data) is often not measured, or only recorded 

annually, by the licensee. The exception is for the larger public water supply licenses, where 

daily or monthly volumes are recorded. 

 

For the purposes of this project there is a requirement to estimate the daily artificial 

influences, i.e. the water use, within all the catchments associated with sampling points. As 

licences and consents have defined locations it is possible to obtain lists of all artificial 

influences within a given catchment. The abstraction licence will contain information such as 

the licensed volume, and the location. For discharge consents similar constraints are set. 

Previous research has shown that the annual variability, at a monthly resolution, of artificial 

influences can be related to the purpose for which the water is used. This has resulted in a 

number of methods being developed by which monthly artificial influence data, usually 

abstraction data, can be estimated in the absence of measured data. This includes the use of 

minimum monthly factors (MMF) to characterise the seasonality, and Uptake Factors and 

Percent Return values. The Uptake Factor relates the actual volume abstracted to the 

licensed annual volume, and the Percent Return determines how much is put back into the 
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watercourse. For example fish farms may abstract large volumes of water, but usually most 

of this is returned to the watercourse.  

 

A dataset of measured data for many artificial influences within the UK was collated 

(Goodwin 2005). Much of the data were incomplete therefore by randomly sampling from 

the measured monthly and daily data available a number of continuous pseudo daily data for 

each Purpose was created. This dataset consists of a number of normalised daily AI time 

series for each Purpose. The collated data was also used to look at the variability of the 

Uptake Factors and Percent Return for each Purpose. 

 

The Purposes used are: 

 

AGR = General Agriculture 

AQF = Fisheries 

DIS = Discharges, STW. 

ELEC = Electricity Generation 

ENV = Environmental needs. 

IND = Industry 

LEA = Supply to a Leat (small artificial water supply channel) 

PWS = Public Water Supply 

SPA = Spray Irrigation, Agriculture 

SPO = Spray Irrigation, Other 

 

This pseudo daily dataset can be used to estimate the daily abstraction volumes of real 

abstractions. Information from licence data includes licensed annual volume and Purpose. 

For each AI an Uptake Factor and Percent Return is randomly selected from the collated 

data, for the specific Purpose. The actual abstracted quantity can therefore be determined. 

The Percent Return can be used to determine the impact volume 

 

The development of a Monte Carlo Harness allows the uncertainty to be assessed within 

catchments. The Monte Carlo Harness generates a number of equally likely daily use 

volumes, using the pseudo daily data, which is then rescaled by the impact volume.  

 

In this way a number of equally likely abstraction daily volumes are created from the pseudo 

daily dataset for any one licence. By adding the volumes of all the licences within a 

catchment together hundreds of equally likely abstraction volumes for each catchment can 

be established. A similar procedure can be repeated for discharges. 

 

Some of the abstractions are from groundwater sites. Where the groundwater is from a 

confined aquifer, the abstractions were not included, as these will not impact on the flow in 
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the river. Other groundwater abstractions were included. For the sample catchments any 

significant groundwater abstractions are close to river courses, therefore, it is assumed that 

the water is directly abstracted from the water course and the uncertainty associated with 

groundwater modelling is therefore not considered. 

 

For each sampling site the artificial influences which impacted on the river were obtained. 

For each sampling site numerous versions of equally likely daily abstraction or discharge time 

series were obtained for the period 1990 to 2004 for each artificial influence. These were 

then aggregated and represented thus numerous versions of equally likely impact volumes 

could be obtained for each catchment.  

 

Table 2.4 presents a summary of the hydrological and impact conditions within each 

catchment. Natural and Influenced statistics are produced using LF2000. Grey shading 

indicates catchments that are discharge dominated (i.e. they have more water than they 

would have naturally). Figure 2-4 and Figure 2-5 present a summary of the impacts within 

the catchments.  

 

Table 2.4 Hydrological descriptions of selected biology sampling sites within the Kennet 

Sampling 

Site 

Catchment 

Area (km2) 

Natural 

Mean Flow 

(m3/s) 

Influenced 

Mean Flow 

(m3/s) 

Influenced 

Q95 

(m3/s) 

Influenced 

Q10 

(m3/s) 

Discharge 

Dominated

36146 142.01 1.606 1.56 0.29 3.57 Y 

35101 24.35 0.24 0.24 0.025 0.59  

36069 14.37 0.151 0.085 0 0.251  

36147 91.63 1.003 1.03 0.236 2.258 Y 

35075 12.75 0.138 0.14 0.027 0.306 Y 

36144 42.73 0.496 0.507 0.122 1.105 Y 

35951 21.24 0.225 0.21 0.064 0.416  

35965 64.16 0.597 0.597 0.223 1.093  

36079 128.94 1.189 1.176 0.403 2.233  

34927 53.09 0.513 0.53 0.227 0.93 Y 
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# # #
#

# 
#

36147 
36146/
3902536144 

36069 3510135075 

 

Figure 2-4 Locations of biology sampling sites, gauging stations where appropriate, and 
artificial influences, within the Enbourne Catchment. 

 

 

Surface Water Abstractions 

Ground Water Abstractions 

Discharges 

34927

35965

36079
39037

Surface Water Abstractions 

Ground Water Abstractions 

Discharges 

Figure 2-5 Locations of additional biology sampling sites, gauging stations where 
appropriate, and artificial influences, upstream within the Kennet. 
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2.4.2 Ecological data 

 

Dunbar (2005) presented a review of the sources of uncertainty in river ecology data, with a 

focus on macroinvertebrates. Key issues are replication in space and time, sampling 

protocols and how the data are subsequently used.  

 

The focus of this study is on the impact of changing flows on the macroinvertebrate 

community. The latter is summarised into an index: the LIFE score which is described in 

more detail in Extence et al. 1999. Family-level LIFE score represents the balance between 

macroinvertebrate families which prefer clean gravels and faster flowing water versus those 

taxa which prefer silty substrates. Information on abundance is included, hence in some 

sense the index is “WFD-compliant”, although it is intended to be a pressure-specific index 

rather than one responding to pressures in general. There has been some work on the 

within-season replicate sampling variability of the LIFE score, represented by a standard 

deviation or variance and how this is related to the taxon richness of the sample (Dunbar 

and Clarke 2004). Increasing impact to flow might be expected to be associated with 

reduced richness, which in turn leads to increased uncertainty in any derived index. This is 

the opposite situation to organic enrichment, where impacted sites often have more families 

present, and hence in this situation indices tend to be more precise under impacted 

conditions.  

 

Choosing an aggregate index, rather than a more basic measure such as the abundance of a 

specific sensitive taxon is partly a strategy to manage uncertainty. This is because the 

abundances of individual taxa are more variable than a grouping of taxa (Norris et al. 1996).  

 

The replicate sampling standard deviation (RSSD) represents the variation observed when 

multiple samples are taken at the same place and the same time. Datasets where multiple 

samples are taken in this way are rare, but one is described in Furse et al. (1995), and this 

was used in Dunbar and Clarke (2004) to develop the following relationship: 

 

Replicate sampling SD = 0.590*0.8945 NLIFE

 

Where NLIFE is the number of LIFE scoring families in the sample. The relationship is 

illustrated in Figure 2-6. The uncertainty associated with samples of below 5 families is 

noteworthy: although the exponential relationship gives a best fit, some of the samples gave 

much higher uncertainties. 
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Figure 2-6. Relation between within season replicate sampling standard deviation and mean 
number of LIFE scoring families. 

 

This summarises the impacts of a number of sources of variability associated with biological 

sampling. Other sources of uncertainty are either controlled for, or not considered. 

Environment Agency sampling protocols are strictly defined, so the impacts of differences in 

sampling, beyond the element already included in the replicate sampling variability, are not 

believed to be a major issue. Sampling protocols also specify specific times of year for 

sampling, and there is no assumption of extrapolation to other times of year. Spatial 

replication is also not considered: for the purposes of this study the sample sites represent 

themselves, not any broader water body. This is not ideal, but there is unfortunately too little 

work on spatial variability of biotic indices.  
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3 Physical Impact analysis  

3.1 Purpose 
The purpose of the modelling is to see whether the impact of abstraction on river 

macroinvertebrates can be detected and quantified in the Kennet, given the uncertainties in 

both the hydrological and ecological data. 

 

3.2 Conceptualisation 
 

In contrast to other HarmoniRiB case studies, which focus on physical process-based models, 

the hydroecological modelling undertaken here is largely empirical, the parameters of the 

model are estimated using statistical techniques. Statistics is founded on the study of 

variation and uncertainty, and one advantage of this approach is that some of the 

uncertainty analysis can be inherently included the modelling, without the need for Monte-

Carlo simulation. 

 

Our conceptual model is that LIFE score for a specific autumn sampling occasion at a specific 

site is influenced by an overall site effect, represented by parameter b0, and the effects of 

river flow and abstraction in the summer period (April to September). We expect there to be 

a significant positive relationship between river flow and LIFE score (the b1 parameter), we 

are interested in testing the significance of the relationship with abstraction (the b2 

parameter), which we hope to be negative, and the extent to which there is an interaction 

between flow and abstraction (the b3 parameter). This represents the most complex model, 

with eight estimated parameters plus an error term, and an additional six covariance 

parameters (not shown for clarity). 

 

LIFEij=  

 

b0j + b1j*Historical_flow + b2j*Historical_abst + b3j*Historical_flow*Historical_abst + eij

 

Where j represents sites j = 1…N, and i represents sampling occasion i = 1…nj

boj ~ N(b0, τ0²) 

b1j ~ N(b1, τ1²) 

b2j ~ N(b2, τ2²) 

b3j ~ N(b3, τ3²) 

eij ~ N(0, σ²) 
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b0j is the intercept parameter, the other b’s are slope parameters. 

b0j, b1j, b2j and b3j are all normally distributed random variables with their own mean (b0…3 

and variance about that mean (τ 0…3
2), while eij is the residual (i.e. “error”) term with mean 0 

and residual variance sigma. In some cases, the variance in slope parameters may be small 

or not estimatable, in which case the model can be simplified by dropping the random nature 

of the slope terms. There are also covariance terms which are useful for model diagnostics 

but not of other direct interest. 

 

The overall means are termed the “fixed” components of the model, whereas the variances 

(expressed as standard deviation) represent the “random” components of the model. Often it 

is the fixed terms of the model which are of interest, while the random components are used 

to account for unexplained variation at the different levels of the model (the random 

intercepts and slopes account for unexplained inter-site variation (level 2), while the residual 

error term accounts for unexplained within-site variation (level 1).  

 

It is important to note that: 

1. There is residual within-site variance in the model, quantified by the residual error 

term. When conducting simulations using alternate realisations of the input data, it is 

important to compare the variance introduced by these parameters with the inherent 

variance of the model; 

2. It is possible to derive confidence intervals for all of the parameters, both fixed and 

random. These are calculated in the usual way as the standard error of the 

parameter multiplied by the appropriate statistic from the t distribution for the 

desired confidence interval (~2 for the 95% CI); 

3. These standard errors for parameters are not the same as the random components 

associated with the parameters. E.g. there is an fixed intercept parameter, and a 

random variance component to that parameter, and each of these have associated 

confidence intervals. In general, we are very interested in the intervals for the fixed 

components, and much less interested in intervals for the random components; 

4. There are many potential ways one can assess the quality of such models. Residual 

variance at level 1 is only one measure of model performance, and it is often not the 

most useful measure. Although the simplest linear regression models are fitted 

analytically by least squares regression, multilevel models (as with generalised linear 

models) are fitted iteratively by maximum likelihood: it is the likelihood of the model 

that is optimised, this is not necessarily the same as minimising the residual sum of 

squares, the model fit term used in such cases is the AIC (Akaike’s Information 

Criterion), which is directly related to the likelihood.  

5. Hence, one of the indicators of performance which is used in this study is the 

precision of the important model parameters, indexed by their standard error (or the 

associated confidence interval) 
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We may also include a season term bs*(season=Spring), and possibly its interaction with the 

other terms. 

We may include regression weights, which comprise a variance associated with each of the 

occurrences of the response variable (LIFE score). This allows one to consider uncertainty in 

the response variable without resorting to Monte-Carlo simulations. 

Finally we may also include an autocorrelation term such that, LIFEij = phi*LIFEi-1 j, 

representing the fact that within a site, there may be temporal correlation in residuals, once 

the fixed effects are accounted for. 

 

The model will be assessed in terms of the magnitude and uncertainty of the historical flow 

and abstraction slope terms. 

 

3.3 Input data 

3.3.1 Hydrological data 

 

Hydrological data are generally archived at a much higher frequency than ecological data: in 

this case the raw hydrological data consist of daily mean data, whereas the ecological data 

are only generally sampled two or three times per year. In order to be able to relate 

historical hydrological data to the macroinvertebrate samples, an annual seasonal summary 

statistic (Q95) was calculated from the transposed historical flow time series. This was done 

for summer (April-September) and winter (October-March) “seasons”, producing a series of 

Q95 statistics, each statistic summarising ~180 days of daily data. The series for each site 

were then normalised by subtracting the mean and dividing by the standard deviation of the 

series. 

 

The daily estimated artificial influences data were handled slightly differently, in that they 

were expressed as a proportion of the naturalised flow. The same summer and winter 

periods as above were used, and the 95th percentile extracted from each ~180 day period. 

As these data were already expressed as a proportion, they were not normalised further. 

 

These statistics were then matched with the macroinvertebrate samples, summer flows -> 

autumn biology and winter flows -> spring biology.  
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3.3.2 Ecological data 

 

There are 44 macroinvertebrate sampling sites in the entire Kennet catchment. Some of 

these were selected for specific investigation purposes rather than monitoring, and so have 

limited data. Of the 44, 29 are in the study area of the upper Kennet, Lambourn or 

Enbourne. These samples have been sampled routinely since 1990, generally twice per year 

(spring: March-May and autumn: September-November).  

 

These sites were further categorised according to their usefulness for this study by a 1-5 

rating, with 1 indicating most useful. The main criterion was that it would be possible to 

transpose gauged flows to the site: several of the sites are on side-channels of the river 

where flows are partly controlled by weirs which are located where the side branches split. 

The sites are detailed in Table 3.1.  

 

Samples were identified to a mixture of taxonomic resolutions, pre 2000 data were mostly 

family-level, whereas post-2000, may samples were processed to species level. The decision 

was taken to standardise all taxonomy at family level, this allows the relationship between 

number of families and LIFE score replicate sampling SD to be used directly. SQL queries 

were used to calculate LIFE score and number of families from the raw sample data. 

 

 

 

 



Table 3.1 Macroinvertebrate sampling sites on the Kennet 

Site Id Site Name Waterbody Sub catchment Easting Northing 
Distance from 
Source 4 Altitude  Priority  First sample Last sample 

Number of 
samples 

34927 At G.S. Ramsbury Aldbourne Upper Kennet  429000 171600 5.84 107 1 Mar-1990 Oct-2005 21 
35075 At A339 Headley Ecchinswell Brook Enborne 450700 163400 5.87 75 1 Aug-1990 Nov-2004 14 
35101 D/S Ashford Hill Tip Baughurst Brook Enborne 455600 163100 6.2 70 1 Aug-1990 Nov-2004 14 
35951 At Smitham Bridge Shalbourne Stream Dun 433000 168200 5.53 100 1 Aug-1990 Oct-2005 16 
35965 100m U/S Kennet Og Upper Kennet  419500 169600 10.3 125 1 Mar-1990 Sep-2004 21 
36069 Below Tan House Farm, Headley Kingsclere Brook Enborne 452900 162800 7 70 1 Apr-1990 Sep-2003 21 
36079 Above Manton Kennet Upper Kennet  416700 168600 23 131 1 Jul-1993 Sep-2004 17 
36144 At A343, Newbury Enborne Enborne 445300 163300 6.31 90 1 May-1990 Oct-2000 9 
36146 At Gauging Station Brimpton Enborne Enborne 456800 164800 23.2 65 1 Mar-1990 Nov-2005 26 
36147 Ford At Thornford Road Enborne Enborne 452100 163800 16 70 1 Mar-1995 Sep-2003 9 
34438 At Elcot Mill Kennet Upper Kennet  420350 169220 28.4 125 2 Sep-2001 Sep-2001 1 
35491 At Stitchcombe Mill Kennet Upper Kennet  422700 169500 31.5 118 2 May-1990 Apr-2006 39 
36083 100m D/S Hungerford Bridge Kennet Upper Kennet  434200 168850 46.4 94 2 Oct-1995 Apr-2006 10 
71861 Below Sheep Drove Bend Kennet Upper Kennet  422250 169350 30.8 118 2 Aug-1999 Sep-2001 12 
71863 Below Durnsford Mill Kennet Upper Kennet  422100 169500 30.6 118 2 Aug-1999 Sep-2001 12 
34649 A4 Newbury Lambourn Lambourn 448700 167400 25.3 74 3 Apr-1995 Sep-2004 12 
35779 At Gs, Bagnor Winterbourne Lambourn 445300 169500 7.62 78 3 Mar-1990 Oct-2005 22 
36072 At Bagnor Lambourn Lambourn 445300 169100 20.9 76 3 Mar-1990 Nov-2004 31 
36073 At Gauging Station, East Shefford Lambourn Lambourn 438900 174700 9.94 105 3 Aug-1993 Apr-2006 17 
34379 At Hungerford Church Dun (Kennet) Dun 433230 168760 13.1 97 4 May-1990 Apr-2006 25 
35137 Above Dun Froxfield Stream Dun 430560 167780 3.23 108 4 Jun-1990 Oct-2005 17 
36082 At Hambridge Road, Newbury Kennet Kennet Below Lambourn 449100 167300 64.1 72 4 May-1990 Nov-2005 26 
34551 A338 Roadbridge Hungerford K&A Canal  Upper Kennet  433850 168700  0 5 Apr-2002 Apr-2002 1 
35087 Below Colthrop Mills Aldershot Water Kennet Below Lambourn 454400 166000 71 65 5 Aug-1990 Sep-2004 15 
35490 Water Gardens Inlet,Chilton Foliat Kennet Upper Kennet  432800 170100 44.2 98 5 Oct-1993 Sep-2004 15 
36064 Above Aldershot Water Kennet Kennet Below Lambourn 454400 165900 71.3 63 5 May-1990 Nov-2005 21 
36081 At Brimpton Mill Kennet Kennet Below Lambourn 455500 165700 72.6 62 5 Apr-1995 Sep-2004 9 

 

                                            
4 i.e. the distance from the generally accepted source of the river: this will likely be a spring. 
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Figure 3-1. Location of macroinvertebrate sampling sites in Kennet catchment 
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3.3.3 Matched hydrological and ecological data 

 

From the candidate list of priority 1 sites, the following eight sites were selected to 

undertake the transposition of daily mean flows to the site, and simulation of uncertainties in 

the historical flows: 

Table 3.2 

Site Id Site Name Waterbody 

35075 At A339 Headley Ecchinswell Brook 

35101 D/S Ashford Hill Tip Baughurst Brook 

36069 Below Tan House Farm, Headley Kingsclere Brook 

36147 Ford At Thornford Road Enborne 

34927 At G.S. Ramsbury Aldbourne 

35965 100m U/S Kennet Og 

36144 At A343, Newbury Enborne 

36079 Above Manton Kennet 

 

4 Results 
 

The hydroecological model was configured as has been described in Section 3.2, with the 

addition of a two-level factor which describes whether the sample was taken in spring or 

autumn.  

 

LIFEij= b0j + b1j*Historical_flow + b2j*Historical_abst + b3j*Historical_flow*Historical_abst  

+ b4(season=autumn)+ eij

 

Where j represents sites j = 1…N, and i represents sampling occasion i = 1…nj 

The above formulation represents the full model. The parameters b1...b3 are modelled as 

being normally distributed with a mean (the fixed effect component) and variance (or 

standard deviation) (the random effect component). The models were simplified by fitting 

progressively simpler models (beginning by removing b3, then b2) using maximum likelihood 

estimation, and comparing using a likelihood ratio test. The final models were then re-fitted 

using residual maximum likelihood to give the best estimates for the random effects 

parameters. 

 

In order to explore the effects of different uncertainties on the results, four different models 

were configured, each had the same parameters, but different combinations of certain or 

uncertain input data. The combinations are illustrated in Table 4.1.  
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Table 4.1 Combinations of certain and uncertain model input data used. 

Model Estimated parameters 

in full model 

“Certain” input variables Uncertain input variables 

1 b0j; b1j; b2j; b3j; b4 LIFEij 

Historical_flow 

Historical_abst 

 

2 b0j; b1j; b2j; b3j; b4 LIFEij 

 

Historical_flow 

Historical_abst 

3 b0j; b1j; b2j; b3j; b4 Historical_flow 

Historical_abst 

LIFEij

4 b0j; b1j; b2j; b3j; b4  LIFEij 

Historical_flow 

Historical_abst 

 

Uncertainty in the hydrological data was added by generating multiple realisations, 

incorporating uncertainty in estimating the sum total of the influence of abstractions and 

discharges on river flow, and in transposition of gauged flows to the ungauged sites. 

Uncertainty in the ecological data was added using regression weights based on the 

sampling standard deviation estimated from the number of taxa present in the sample. 

 

4.1.1 Effects of uncertain hydrological data 

 

Firstly the model was run with explanatory variables which were the average of 100 

realisations of the historical flows and influences, to check whether the overall responses 

were as expected. The results (Figure 4-1) illustrate that broadly the LIFE score responds to 

historical flow in the expected way: the parameter for the slope (historical flows) is positive 

and significant. For the model with historical flows and abstractions, the addition of a 

parameter for abstractions decreases the significance of the historical flows parameter (from 

0.0015 to 0.085) and also marginally decreases its slope of response (from 0.1 to 0.078). In 

each case, the residual standard deviation of the model is 0.23 LIFE score units, or 0.053 if 

expressed as a variance.  
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Table 4.2 Parameter values [95% confidence intervals] (and p-values for fixed effects) for 
average model without uncertainty added 

Parameter (estimated value in bold 
with 95% confidence intervals) and 
p-value for fixed effects in brackets 

Historical flows Historical flows and artificial 
influences 

Random effects  
(expressed as standard deviations) 

  

 Intercept 0.19 [0.078, 0.49] 0.23 [0.092,0.60] 
 Residual 0.23  [0.19, 0.30] 0.23 [0.18, 0.30] 
Fixed effects   
 Intercept 7.35  [7.12, 7.58] 7.40 [7.10, 7.63] (0.000) 
 Slope (historical flows) 0.10  [0.020, 0.18]  0.078 [-0.011, 0.170]  (0.085) 
 Slope (artificial influences)  -0.070 [-0.21, 0.074]  (0.32) 
 Season - autumn -0.27  [-0.42,-0.12] -0.24 [-0.40, -0.080] (0.004) 
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Figure 4-1. Relationship between mean of 100 realisations of historical Q95 and LIFE score, 
categorised by site and season (1SP=spring, 3AU=autumn). 

 

A model was then produced for each of the 100 realisations of the uncertain historical flows 

and influences. This produces 100 values for the parameters, each of which in turn have 

associated 95% confidence intervals. Figure 4-2 illustrates a cumulative frequency 

distribution of the slope parameters for the model including only historical flows and season 
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as explanatory variables, whereas Figure 4-3 illustrates the slopes for historical flows from a 

model where historical artificial influences are also included. Some results are illustrated in 

Table 4.3, where results are expressed as both standard deviations (which have units of LIFE 

score), and variances, which are additive. The results suggest that the variance the 

parameter associated with inherent model uncertainty is between four and six times the 

additional uncertainty associated with added uncertainties in hydrology.  

 

Table 4.3 Comparison of variation of historical flow slope model parameter for mean model 
and realisations with hydrological uncertainty.  

Model Historical flows  

SD (variance) 

Abstractions as well  

SD (variance) 

Mean model: standard error of parameter 0.039 (1.5 x10-3) 0.044 (1.9x10-3) 

Additional parameter variation associated with 

100 realisations of hydrological input data 

0.016 (0.25 x10-3) 0.022 (0.48 x10-3) 
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Figure 4-2. Cumulative frequency diagram of the slope of response of LIFE score to historical 
flows from 100 model realisations of a model with both only historical flow as a predictor 
variable. Error bars indicate 95% confidence intervals for a parameter estimate for each 

individual realisation. 
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Figure 4-3. Cumulative frequency diagram of the slope of response of LIFE score to historical 
flows from 100 model realisations of a model with both historical flow and abstraction as 

predictor variables. Error bars indicate 95% confidence intervals for a parameter estimate for 
each individual realisation 

 

Figure 4-4 shows the relationship between the 95% interval (upper minus lower) for the 

slope, and the estimated value of the slope parameter. Although there is considerable 

scatter, it is interesting to note that when an alternate realisation produces a parameter 

value which is further away from the value obtained with the mean model (0.1), the 

confidence intervals for that parameter are on average wider. In fact the consistently 

narrowest intervals are associated with a value for the parameter of 0.105, slightly above 

that of the mean model. This can also be seen for the lower slope values in Figure 4-2. 

(points on left hand side of the graph have wider intervals). We do not know whether this is 

an important effect or an artefact of this data set, further investigation is warranted. It could 

be that there is useful information in this graph, which may point to a bias in the transposed 

hydrological data, which leads to the mean model slightly underestimating the true 

parameter value.  
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Figure 4-4. Relationship between slope of LIFE-historical flow parameter and 95% 
confidence interval for that slope, for 100 alternate realisations of historical flows. 

 

4.1.2 Effects of uncertain ecological data 

A different approach was taken to include the uncertainties in the ecological data. Sampling 

standard deviations were calculated for each sample based on the number of LIFE scoring 

families present in the sample, and the equation shown in Section 2.4.2. These were 

converted to variances, and used directly in the LIFE-flow regression model through a 

variance function, where the variance of each observation is specified (Carroll and Ruppert 

1988). For each sample, the calculated LIFE Score Replicate Sampling Standard Deviation 

(LSRSSD) is calculated from this equation. This approach, also know as regression with 

weights, allows a more integrated analysis than is possible with Monte-Carlo simulation, 

which was used for the hydrological uncertainty. The model parameters are shown in Table 

4.4.  

 

The residual standard errors of the models with variance weights are considerably larger, as 

one might expect. In addition, the slopes of response to historical flows in the variance 

weights mode are slightly less. However, what might seem initially surprising is that the 

many of the parameters of the model, such as the intercept random effect, and the slope of 

response to historical flows, are more precise than the model without uncertain LIFE scores. 

For example for the model with only historical flows, the p-value for the slope of response 

decreases from 0.015 to 0.01. And the AIC (Akaike Information Criterion) and hence the 
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likelihood for the model with variance weights suggests a better model. Although small 

changes in significance should never be considered “significant” in themselves without much 

more detailed analysis, this trend is noteworthy. This in turn suggest that there is genuine 

information in the calculated LIFE score replicate sampling standard deviations (LSRSSD). In 

the model with variance weights, samples based on fewer families are down weighted, this 

improves the model fit as these are generally samples which do not fit the overall model so 

well. This is illustrated in Figure 4-5-4, which plots the LSRSSD against residuals for the un-

weighted model. Samples with higher LSRSSDs have either high or low residuals.  

 

This is interesting in that poor water quality, which is often blamed for reduced LIFE scores, 

may not be the cause in this case. This is because poor water quality is generally associated 

with an overall increase in number of families, whereas here it is the samples with reduced 

numbers of families which show higher residuals.  

Table 4.4 Parameter values and 95% confidence intervals for average model without 
uncertainty added. 

Parameter (estimated value in bold 
with 95% confidence intervals) and 
p-value for fixed effects in brackets 

Historical flows Historical flows with variance 
weighted LIFE scores 

AIC (Akaike Information Criterion) 23.4 14.8 
Random effects  
(expressed as standard deviations) 

  

 Intercept 0.19 [0.078, 0.49] 0.14  [0.052, 0.39] 
 Residual 0.23 [0.19, 0.30] 1.73  [1.36, 2.20] 
Fixed effects   
 Intercept 7.35 [7.12,7.58] (0.000)  7.35  [7.18, 7.53](0.000) 
 Slope (historical flows) 0.10 [0.020, 0.18](0.015) 0.088  [0.023, 0.15] (0.010) 
 Season -0.27 [-0.42, -0.12](0.000) -0.27  [-0.40, -0.14](0.000) 
 Historical flows and artificial 

influences 
Historical flows and artificial 
influences with variance 
weighted LIFE scores 

AIC 28.0 20.3 
Random effects  
(expressed as standard deviations) 

  

 Intercept 0.23 [0.092, 0.60] 0.18  [0.064, 0.49] 
 Residual 0.23  [0.18, 0.30] 1.71  [1.34, 2.18] 
Fixed effects   
 Intercept 7.40  [7.10, 7.63]  (0.000) 7.36  [7.15, 7.57](0.000) 
 Slope (historical flows) 0.078 [-0.011, 0.170]  (0.085) 0.071 [-0.0067, 0.15](0.072) 
 Slope (artificial influences) -0.070 [-0.21, 0.074]  (0.32) -0.047 [-0.16, 0.065] (0.40) 
 Season -0.24  [-0.40, -0.080]   (0.004) -0.24  [-0.39, -0.10](0.002) 
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Figure 4-5. Relationship between LIFE score sampling standard deviation and residuals of 
multilevel model with historical hydrology and season as covariates. 

 

4.1.3 Combined uncertainty in ecological and hydrological data 

 

The approaches to considering uncertainty in both the hydrological and ecological 

components of the model were combined in a single model, i.e. the model included variance 

weights for the ecological data, which was then run 100 times using alternative realisations 

of the hydrological data. Results are presented in Table 4.5 and Figure 4-6. The results 

mirror the results for the hydrological uncertainty analysis. It is notable that the variance 

associated with the individual point parameter estimates across the 100 realisations of the 

hydrological input data is lower for the model with both historical flows and abstractions as 

explanatory variables.  
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Table 4.5 Results for combined uncertainty model, and comparison with models with no 
uncertainty and hydrological uncertainty only 

 Model with historical 

flows  

SD (variance) 

Model with historical 

flows and abstractions 

SD (variance) 

Residual model uncertainty   

Mean model  0.039 (1.5 x10-3) 0.044 (1.9x10-3) 

Additional uncertainty from 
Monte-Carlo simulations 

  

100 realisations (hydrological 

uncertainty only: as previous) 

0.022 (0.48 x10-3) 0.016 (0.25 x10-3) 

100 realisations (hydrological and 

ecological uncertainty) 

0.018 (0.31 x10-3) 0.016 (0.27 x10-3) 
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Figure 4-6. Combined uncertainty model: cumulative frequency diagram of the slope of 
response of LIFE score to historical flows from 100 model realisations. Error bars indicate 

95% confidence intervals for a parameter estimate for each individual realisation. 

 

Figure 4-7 illustrates in more detail the variation in historical flow slope parameter estimates 

associated with the two model formulations: with and without the abstraction parameter 

included. The right hand graph shows the standard error of the parameter estimate 

associated with each realisation, and as one might expect, the model with an additional 

parameter gives a larger standard error for the historical flow slope parameter. In the left 

hand graph, the aforementioned result is illustrated: that there is less variability in the point 
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estimate of the slope parameter in the model which also includes the abstraction term. Why 

might this be? The graph indicates that the distribution of the parameter across the 100 

realisations is not normal, rather it is negatively skewed, this was confirmed in normal 

probability plots of the data (not shown). In the lower tails of the distributions, the two 

formulations give similar parameter values, but in the mid to upper tails, the model with the 

abstraction parameter always gives a lower slope for historical flows. The shape of the graph 

suggests that some property of the data is constraining the slope for the realisations with 

data which give rise to lower overall historical flow slopes. The point estimate of the slope 

parameter never goes below zero, however extreme the input data, and regardless of 

whether there is an additional term in the model. However, for the data realisations which 

give rise to mid to high slope values, and the presence of the term for abstraction acts to 

limit the slope of the historical flows term. This constraint is also apparent in Figure 4-8 

which plots both slope terms against each other for each realisation. In the model with both 

parameters, the historical flow slope can take on some low values, but in these instances, 

the abstraction parameter always takes on values between -0.05 and +0.05. 
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Figure 4-7. Cumulative frequency plots for historical flow slope parameter (left) and standard 
error of historical flow slope parameter (right) in model using only historical flow parameter 

(blue), and model with parameters for both historical flow and abstraction (red). 

 

 44



0.00 0.02 0.04 0.06 0.08 0.10

-0
.1

5
-0

.1
0

-0
.0

5
0.

00
0.

05
0.

10
0.

15
0.

20

Historical flow slope parameter

A
bs

tra
ct

io
n 

sl
op

e 
pa

ra
m

et
er

 

Figure 4-8. Relationship between historical flow slope parameter and abstraction slope 
parameter in 100 realisations of a model containing both parameters 

4.1.4 Study Hypothesis 

 

In terms of the study hypothesis, that both historical river flows and water abstractions 

combine to affect river macroinvertebrate communities, this is not supported with the study 

data from eight sites. With the mean model, the relationship between abstraction and LIFE 

score is negative, but the result is not significant at p=0.05. Using the 100 alternative 

realisations of the hydrological input data, only one instance gives both a negative 

relationship and a p value of <0.05. This suggests that an inability to detect the relationship 

with abstraction is not likely to be related to uncertainties in the hydrological data. Why 

might this be? The most likely reason is that we did not use enough of a range of data to 

enable an impact to be detected. We used relatively few monitoring sites, as it has turned 

out, probably not enough to demonstrate a significant result if the underlying relationship 

was negative as hypothesised. Furthermore, the locations of the monitoring sites were 

generally not selected with reference to water resources pressures. Selection of alternative 

sites which are more heavily impacted by water abstraction would have helped. However this 

would have been extremely difficult on the Kennet, because of the nature of the channel, in 

many areas the river runs in several channels, and it is not possible to quantify 

retrospectively the volumes of water going down each channel. It is also possible that the 
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LIFE score as currently formulated is not sensitive enough to detect the impacts of low to 

moderate abstractions. However, it is not possible to justify this without more extensive 

studies involving more data. The same difficulties that we have encountered here, in 

generating realistic historical time series for ungauged sites, would still apply.  

 

5 Evaluation of HarmoniRiB products 
 

Relatively limited use was made of the DUE software and the HarmoniRiB database during 

the case study. The ecological data were all uploaded to and retrieved from the database, it 

took some time to develop a data structure which could be used to store the ecological data, 

this is further described in the WP6 report. The DUE software was not needed to calculate 

realisations of the ecological data as that source of uncertainty was included directly in the 

model without the need for Monte-Carlo simulations, although the software was used to 

generate realisations for testing purposes, and it performed as expected. 

 

The data on gauged flows were also uploaded to the HarmoniRiB database, and adding 

uncertainty to the data proved straightforward using the DUE software. The data on artificial 

influences to flows (i.e. abstractions and discharges) were not uploaded to the database, 

mainly due to the fact that they are confidential, but also because of the complexity of the 

data structure. Adding uncertainty to the artificial influences could have been accomplished 

using the DUE software, but not without some considerable bespoke programming to pre-

process the data. Part of the CEH co-funding to the project consisted of a project to develop 

an uncertainty engine suitable for dealing with this data structure (Goodwin, 2005), this 

project started before HarmoniRiB. So it did not seem productive to spend a considerable 

time on further work when a solution already existed. 

 

6 Conclusions 

6.1 Objectives 
In this case study, it was not possible to support the working hypothesis and ascribe a 

negative impact to the effects of water abstraction, over and above the effects of historical 

flows on LIFE score. The most likely reason is that we did not use enough data, or data with 

sufficient range of the input variables to enable an impact to be detected. In this regard, the 

study was ambitious. However, the overall objective, to examine the effects of uncertainty in 

the calibration of a river flow-ecology model has by and large been achieved. A framework 

for the assessment of uncertainty arising from both the hydrological and ecological inputs 

has been developed, and used to evaluate the Kennet data. The framework is not yet in the 

form that can be handed directly to river managers to use, but with some development, it 
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could be used in other situations which are likely to be encountered in the ongoing 

implementation of the Water Framework Directive. In particular, we were not able to assess 

any spatial components to uncertainty. This would require an additional level in the hierarchy 

of replicate samples within each waterbody: the waterbody being a stretch of river subject 

the same degree of impact. This is an important component of uncertainty that is not 

routinely considered in most monitoring programmes. However, given available data, its 

incorporation would be relatively straightforward: the multilevel framework does not require 

balanced data (e.g. all sites at all time points), so spatial replicates need not be sampled 

with the same temporal frequency as existing sites.  

 

There is no reason why the framework cannot be applied to any situation where an empirical 

relationship between a biological response index is related to a measure of physical or 

chemical pressure, especially when the pressure and the index vary both within and between 

a number of monitoring sites. 

 

The positive relationship between LIFE score and historical flows has been confirmed using a 

new dataset, and the uncertainty in the model slope parameter relating to historical flows 

has been assessed. 

6.2 Data requirements 
 

In building empirical models of environmental systems, more data is generally a good thing: 

it can increase one’s confidence in the generality of models, and it can assist with the 

disentangling of complex relationships involving a number of driving variables. When 

considering uncertain data, it is just as important to ensure that there are sufficient data to 

enable models to help answer the questions that are asked of them. 

 

In this study, we were only able to derive uncertain realisations of the hydrological data for a 

limited number of sites. Artificial influence data is not generally available in useable formats. 

In addition the complex nature of the licensing system within the UK, whereby licenses can 

be operational over a number of sites and for a number of purposes, means that identifying 

impacting AIs and modelling their impact can be time consuming. Whilst it was encouraging 

that significant positive relationships were found between LIFE score and historical 

hydrology, lack of data probably restricted our ability to test whether the magnitude of 

artificial influences to flow was impacting on the LIFE score. The relationship we found was 

negative, as might be expected, but not significant overall. 
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6.3 Impacts of uncertainty in hydrological data 
 

In this case study, the variability in a key parameter (slope of response of LIFE score to 

historical hydrology) associated with realistic estimates of uncertainty in the hydrological 

input data, is between four and six times less than the uncertainty in that parameter 

associated with internal model uncertainty.  

 

6.4 Impacts of uncertainty in ecological data 
 

The case study has demonstrated what was initially a rather unexpected result, that 

incorporation of uncertainty into model input data can actually improve the quality of a 

model. With hindsight, this is actually not so surprising. If data points which did not fit a 

model well are in fact outlying partly because of sampling uncertainty, then it is logical that 

downweighting these points would improve the model overall. What is important to note is 

that there is some degree of a priori process understanding in the assignment of uncertainty 

to the data. The same effects would not have occurred if uncertainty had been applied in a 

simple +/- x% fashion. 

 

The sampling uncertainty associated with the ecological data was assigned using a very 

general rule, developed using data from a wide range of catchments. It should be possible to 

derive more river-specific uncertainty estimates. These could be defined using actual 

replicate sampling data from the river in question. One would need to be careful that the 

uncertainty conveyed in such replicates was representative. Clearly it is very costly to take 

and process replicate samples every time a sample is taken, however some replicate data 

could be combined with the general rules in order to produce more specific estimates. 

Bayesian statistics provides a flexible framework to achieve these aims in that the general 

rule is the prior, which is then adjusted by the river-specific data. 

 

6.5 Model structure uncertainty 
 

We have only been able to give this limited consideration, partly due to the limited amount 

of hydrological data available. One source of uncertainty is in the requirement to condense 

daily flow data into summary statistics that can be related to biennial measures of ecological 

condition. There are an almost limitless number of ways that hydrological data can be 

processed to derive such statistics, and there is little information in the literature as to how 

this can be done in a statistically robust fashion. The problem is slightly less acute for 
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groundwater systems such as the Kennet, where the groundwater storage means that 

changes in low flows are generally gradual.  

 

A second source of uncertainty is that we have not included other covariates which could be 

affecting the LIFE score. The most obvious of these are habitat quality and water quality. 

There are not specific River Habitat Surveys associated with the sampling sites used in this 

study, but there are other geomorphological surveys which could be used. This would be a 

useful line of enquiry if hydrological data were available for more sites, but with only four 

sites, one’s ability to define any significant relationship at the site level is handicapped.  

 

6.6 General 
 

The magnitudes of the uncertainties considered in this case study are probably worst-case 

estimates. This is for two reasons.  

 

Firstly, we have made no attempt to describe temporal autocorrelation in the uncertainty. 

This is for the simple reason that there is no information on which to base such estimates. 

Even for the ecology data, although the uncertainties are described with general rules which 

are based on true replicate sample data, that data were collected in a one-off study with no 

temporal component. It does seem logical that temporal autocorrelation in the uncertainties 

ought to exist, particularly for the underlying daily hydrological data. However without 

quantitative estimates, this cannot be included. 

 

Secondly, the uncertainties in the ecological data have been considered to be additive, when 

in actual fact, the residual model uncertainty will include replicate sampling variability. 

However, because of the benefits of assuming it as an additive component (e.g. slightly 

more precise model parameters), this assumption is perhaps a useful one to make, however 

counterintuitive it might seem. 

 

The main barriers to further uptake of this approach are firstly the availability of data to 

quantify uncertainty, particularly its replicate spatial component, and secondly familiarity 

with the multilevel approach used in this study. The approach is used commonly in other 

disciplines (e.g. educational studies, clinical trials); its uptake in the environmental field has 

been poor, despite its suitability for this purpose. The ability to integrate spatial and 

temporal data in a single model at least allows an integrated assessment of several sources 

of uncertainty. When dealing with relationships between pressures and biotic impacts, the 

often considerable model structure uncertainty means that sample sizes need to be as big as 

possible, multilevel models provide the means to integrate data and give one a good chance 

of seeing relationships that can easily be obscured by multiple levels of variability. 
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6.7 Recommendations 
 

Recent, currently unpublished work undertaken in the UK as part of the development of the 

next version of the Environment Agency’s RAM (Resource Assessment and Management) 

framework, has highlighted the difficulties in ascribing ecological impacts to levels of water 

abstraction at the national scale. This is despite the fact that on a case by case basis, 

impacts are often very clear. This study has highlighted the importance of considering both 

historical flows and abstractions when looking for such relationships. Unfortunately, the 

mechanisms of impact of flow regulation are more complex than those of many chemical 

pollutants. Despite this increasing complexity, if the right data exist, it should be possible to 

quantify such impacts without resorting to very detailed site investigations. In this regard, it 

is very useful to consider uncertainties in the various data sources, consideration of such 

uncertainties does not always make the problem more complex, in some cases relationships 

can be clarified. Collection of site or river-specific replicate sample data should be considered 

to improve uncertainty estimates in ecological data. 
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Annex 2: Additional information 

 

Calculation of the LIFE index 
 
The LIFE index (Extence et al. 1999) was formulated to test whether it is possible to link 

changes in benthic invertebrate (insects and other non-vertebrate animals (e.g mussels, 

worms and crustaceans) living on the river bottom and visible to the naked eye) community 

structure with indices of historical river flow at a flow gauging station close to the sample 

site. It is a relatively recent example of a whole range of biotic indices used in applied 

freshwater biology. Many, like the LIFE index are in essence weighted averages, with the 

weights 

determined for each taxon5 either by an expert panel or through some separate analysis. 

The weights are designed to make the index sensitive to specific anthropogenic pressures 

such as flow regulation or organic pollution. 

 

The weights used to construct the LIFE index are known as flow groups (numbered from 1 

to 6 or I to VI), although this is a slightly misleading name as they actually refer to 

preferences for particular water velocity conditions, rather than flow (discharge) magnitudes. 

They are based on a wide-ranging literature survey detailed in Extence et al. 1999. Implicit 

in this flow group is preference or avoidance of fine silty substrates. LIFE flow groups have 

been assigned at varying taxonomic levels, specifically family, genus and species.  

 

 

Tabel A.1. Weightings used in the formulation of the LIFE score 

Flow (velocity) group Abundance in sample 

     A  

1-9 

B  

10-99 

C 

100-999 

D 

1000+ 

I Rapid 9 10 11 12 

II Moderate/fast 8 9 10 11 

III Slow/sluggish 7 7 7 7 

IV Flowing/standing 6 5 4 3 

V Standing 5 4 3 2 

VI Drought resistant 4 3 2 1 

 

 

                                            
5 An individual group of related organisms at a specific taxonomic level is termed a taxon. The 
taxonomic level refers to the level of identification according to a phylogenic tree, several species may 
make up a genus, and several genera a family etc. 
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