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ABSTRACT 
Suspended sediments (SS) are a natural component of streams and rivers, critical for habitat 
heterogeneity and ecological functioning. However, human activities can cause a significant 
deviation in the dynamics of SS from the ‘natural’ or ‘reference’ condition, resulting in serious 
ecological degradation and a decline in valuable ecosystem services. In recognition of the 
potential for SS to cause aquatic degradation, and in an effort to minimise this, government-led 
environmental organisations around the world have established water quality guidelines and 
standards that state recommended targets for SS (sometimes referred to as suspended solids, and 
occasionally assessed through proxy measurements such as turbidity). However, at present these 
guidelines are often blanket values that do not recognise the natural spatial and temporal 
variation of SS in streams/rivers, are poorly linked to the biological/ecological impact evidence, 
and therefore ultimately may not reflect the specific requirements of the biological communities 
that they are designed to protect. 

The aim of this thesis is to support the development of environment-specific water quality 
guidelines for SS and to support advancement of the methods used for quantifying and 
characterising SS. The thesis presents results from an analysis of low-resolution mean SS data 
(more than 13,000 measurements) collected from 638 reference-condition stream and river sites 
from across the United Kingdom (UK). This analysis found that background concentrations of 
SS varied by more than 15-fold between 42 temperate ecosystem-types studied1, and these 
differences could be predicted using a multiple discriminant model with input data on a number 
of the natural environmental characteristics associated with each river’s catchment, including 
metrics of climate, catchment geology and topography, and channel hydromorphology. The 
interpretation of these findings is that differences in the natural environment create unique SS 
conditions that support unique freshwater communities. If governments wish to protect these 
communities through establishing and implementing water quality guidelines, then these 
guidelines must be environment-specific.  

This analysis of low-resolution historical data is supported by high-resolution monitoring 
(between May 2011 and May 2013) of SS regimes in ten systematically selected contrasting 
reference-condition stream and river sites from across the UK. This monitoring confirmed the 
differences in mean SS concentrations between contrasting reference-condition ecosystems, but 
also found that mean annual SS concentrations vary temporally in each river, by up to three-fold 
between a relatively dry year (2011-2012) and a relatively wet year (2012-2013), suggesting 
that water quality guidelines must also take into account the natural temporal variability of SS 
regimes. The high-resolution monitoring showed that mean annual concentrations derived from 
monthly sampling, as is current practice for routine water quality assessment according to EU 
legislation, are likely to be inaccurate, with errors of up to 53% in comparison with mean annual 
concentrations derived from 15-minute resolution sampling. As such, water quality managers 
should place lower confidence in assessments of compliance with water quality guidelines, 
when mean annual concentrations are based on monthly-resolution sampling. This thesis 
proposes that high-resolution monitoring of SS is required in order to make more accurate 
assessments of compliance against water quality guidelines. The guidelines themselves should 
recognise natural spatial variations in SS in addition to natural temporal variations in SS within 
rivers. This may be best achieved through the use of environment-specific concentration-
duration-frequency thresholds linked to the biological and ecological impact evidence. 
                                                 
1 638 stream/river sites grouped into 42 ecosystem types based on similarities in the invertebrate 
community composition. 
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1. Chapter One: Introduction 
 

1.1 Research background  

Water is a fundamental resource that supports all life on Earth. The vast majority of 

Earth’s water (97.5%) is saline or brackish and is stored in the world’s oceans.  

Freshwater comprises only 2.5% of total water resources, with more than 65% of this 

being stored in the cryosphere, almost 30% being stored as groundwater, and less than 

0.3% being readily available in surface waters (lakes, rivers, reservoirs, ponds and 

wetlands) (Table 1.1).   

Despite constituting only a small fraction of total global water resources, freshwater is 

an important provider of a variety of valuable ecosystem services, defined as: “the 

processes and conditions of natural ecosystems that support human activity and sustain 

human life” (Chapin III et al., 2000), which are also vital for integrity and survival of 

many terrestrial and marine ecosystems (Jackson et al., 2001, MEA, 2005). The major 

ecosystem services provided by freshwaters include: climate regulation (as a factor 

controlling global temperatures through the evaporation and precipitation processes); 

provision of water for drinking, irrigation, and industry; creation of a medium for 

transportation; provision of a pathway for waste disposal; provision of flood regulation; 

recreation; and generation of hydropower (Costanza et al., 1997, Jackson et al., 2001, 

Postel, 2000) (Table 1.2). Owing to these ecosystem services, freshwaters are 

considered to significantly contribute to human social and economic development (UN-

Water, 2008). Freshwaters are also recognised for their high biological diversity 

(Dudgeon et al., 2006). For example, Lundberg et al. (2000) estimates that more than 

10,000 fish species (which represents 40% of global fish species), and around 25% of 

global vertebrate diversity, are found in freshwater environments. 
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Table 1.1 Global water resources 

 Volume 
(1000 km3) 

Percentage of 
total water 

Percentage of 
total fresh 

water 
Salt water stocks     
Oceans  1,338,000 96.54  
Saline/brackish groundwater 12,870 0.93  
Saltwater lakes 
 

85 0.006  

Freshwater stocks    
Glaciers, permanent snow cover 24,064 1.74 68.70 
Fresh groundwater 10,530 0.76 30.06 
Ground ice, permafrost 300 0.022 0.86 
Freshwater lakes 91 0.007 0.26 
Soil moisture 16.5 0.001 0.05 
Atmospheric water vapour 12.9 0.001 0.04 
Marshes, wetlands 11.5 0.001 0.03 
Rivers 2.12 0.0002 0.006 
Incorporated in biota 
 

1.12 0.0001 0.003 

Total water on Earth (1000 km3) 1,386,000 100  
Total fresh water on Earth  
(1000 km 3)  

35,029   

Source: Shiklomanov (1993) 

 

Unfortunately, although there is now international acknowledgement of the importance 

of freshwater ecosystems, they are under growing pressure as a consequence of human 

activities. Over the past century, these pressures have led to: (1) extensive diversions of 

water out of natural systems in order to irrigate crops; (2) construction of dams and 

reservoirs in order to stabilise and control temporal variations in supply (precipitation); 

and (3) channelisation of many river systems in order to ‘improve’ land drainage 

(Gleick, 1993). Table 1.2 lists a number of possible effects of the pressures on 

freshwater resources. As a consequence of this style of water management and 

development, many freshwater ecosystems have been damaged or adversely affected. It 

is estimated that over 60% of the world’s rivers have been modified (Revenga and Kura, 

2003), and 50% of the world’s wetlands lost since 1900 (Finlayson et al., 1999). 

The physical modification of freshwater systems together with other forms of 

modification, including chemical (e.g. pollution and eutrophication) and biological (e.g. 

introduction of invasive non-native species, and over-harvesting of native species), have 

also resulted in a considerable decline in the abundance of the world’s freshwater 
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species. According to Loh et al. (2005), since the 1970s there has been a 50% decline in 

the of the number of freshwater species and this decline has been noticeably more rapid 

than in marine or terrestrial species. Furthermore, recent estimates by the International 

Union for Conservation of Nature suggest that 37% of freshwater fish species are 

currently threatened with extinction (IUCN, 2009). This number is likely to increase 

due to additional pressures facing freshwater resources in the future, such as a growing 

global population and climate change (Jackson et al., 2001, Vörösmarty and Sahagian, 

2000). An increasing global population will mean further demands on water resources 

for agriculture and food production as well as a higher risk of pollution, whilst climate 

change might lead to alterations in freshwater quality and distribution (UNEP, 2012). 

For instance, warmer temperatures are likely to alter the dynamics of the hydrological 

cycle, leading to greater climate variability, increased risk of extreme hydrologic events 

(Kundzewicz et al., 2008, Milly et al., 2002), and an alteration in the timing and 

intensity of precipitation and run-off events (Meehl et al., 2007). Moreover, higher 

precipitation intensity and longer periods of low flow may notably impair water quality 

by higher input rates and longer residence time of pollutants such as nutrients, dissolved 

organic carbon, pesticides, pathogens and sediment (Fisher, 2000). If humans wish to 

conserve the vital ecosystem services that freshwaters provide, it is essential that 

freshwaters are managed more sustainably in terms of both their quality and quantity. 

One of the most common factors responsible for ecological degradation of those 

resources is the presence of excessive levels of suspended sediment (SS) (Henley et al., 

2000, Richter et al., 1997). SS is a natural and integral part of all aquatic systems (Heise 

and Apitz, 2007), and can be defined as organic and inorganic material ranging in size 

from nano-scale particles and colloids to sand-sized sediments held in the water column 

(Bilotta et al., 2012). SS plays a vital role in the hydrological, geomorphological and 

ecological functioning of freshwater ecosystems, creating a habitat for a large number 

of fauna (Maitland, 2003, Owens, 2008). 
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Table 1.2 Examples of ecosystem services and possible effects of increased pressures on freshwater resources 

Ecosystem services Processes and structures supporting ecosystem 
services 

Possible effects of increased pressures on 
freshwater resources 

Water supply Storage, retention and transport of water throughout 
watershed 

Loss of water for consumption (residential, urban, 
industrial, agriculture) 

Water storage  Floodplains and wetlands; vegetation cover Increased frequency and intensity of droughts; loss of 
vegetation and wildlife, loss of ground water  

Nutrient cycling  Storage, processing, removal and acquisition of 
nutrients (N and P). Decomposition of organic 
matter 

Eutrophication, algal blooms, anoxic conditions, water 
unsuitable for drinking. 

Cycling of pollutants and 
contaminants  

Uptake/transformation of contaminants by 
plant/microbial uptake. Suspended sediments 
transport reduced by plants and geomorphic 
features 

Negative, toxic effects of contaminants and suspended 
sediments on biota; water not suitable for consumption 

Flood control Floodplains, wetlands and other vegetation buffer 
zones slow down and temporarily store water 

Increased frequency and intensity of floods 

Food production Production of plant/animal biomass Decrease in food production 
Climate/temperature 
regulation 

Regulation of global/regional/local temperature, 
precipitation 

Raise in temperature beyond the tolerance limits of 
aquatic biota, decrease in dissolved oxygen levels - 
anoxic condition 

Erosion control and 
sediment retention  

Retention of soil by riparian vegetation; reduction 
of water’s erosive force 

Excessive sediment transport; reduced reservoir 
storage; sedimentation of estuaries; increased transport 
of contaminants; loss of biodiversity 

Recreational and cultural 
value 

Recreational, non-commercial uses and activities 
(tourism, angling, educational, spiritual) 

Loss of recreational opportunities and economic 
benefits 

Source: Costanza et al. (1997), MEA (2005), Palmer et al. (2009).
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There are a number of natural, channel and non-channel sources of SS in freshwaters. 

These include river banks, mid-channel and point bars, natural backwaters, soils 

exposed to erosion, landslides and atmospheric deposition (Wood and Armitage, 1997), 

and are described in more details in Chapter 2. In catchments where these channel and 

non-channel SS sources have been modified through anthropogenic activities, 

significant changes in the physical, chemical or biological properties of those 

environments can be observed (Bilotta and Brazier, 2008).  

In recognition of the potential for SS to cause ecological degradation, and in an effort to 

minimise this degradation, government-led environmental organisations around the 

world have established water quality guidelines and standards that state recommended 

targets for SS (sometimes referred to as suspended solids, and occasionally assessed 

through proxy measurements of SS such as turbidity) (Chapter 3). However, at present 

these guidelines are often blanket values that do not recognise the natural spatial and 

temporal variation of SS in streams/rivers, and are poorly linked to the 

biological/ecological impact evidence; therefore ultimately they may not reflect the 

specific requirements of the biological communities that they are designed to protect 

(Bilotta et al., 2012, Collins et al., 2011).  

In the UK the current water quality guideline for SS, which was originally set as part of 

the European Union Freshwater Fisheries Directive (78/659/EEC and 2006/44/EC), 

states that the average concentration of SS in salmonid and cyprinid waters should not 

exceed 25 mg L-1 apart from “exceptional weather or special geographic conditions” 

(EC, 2006). According to the Environment Agency (2011), 34,500 km of rivers and 

canals and more than 200 waters are still protected by this directive. In 2013, those 

directives were set to be repealed and waters designated as EU Freshwater Fisheries 

Directive (FFD) waters would become protected under the EU Water Framework 

Directive (WFD) (2000/60/EC). This incumbent legislation is set be more advanced 

than its predecessors in terms of both its aim (to achieve good ecological status rather 

than focusing on one particular trophic level or quality element), and its guidelines 

(considering catchment typology rather than using blanket guidelines). One of the 

requirements of the WFD is that by 2015, surface waters in EU countries should achieve 

good ecological status (GES), assessed against a reference derived from the unmodified 

conditions for each water body type (Apitz et al., 2006). 
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However, there remains a lack of evidence as to the appropriate SS guidelines for 

ecosystems in contrasting environments (Bilotta and Brazier, 2008). The future 

guidelines for SS should consider the inherent differences in background SS regimes 

that may be expected in contrasting catchment types owing to natural differences in 

geomorphological processes (USEPA, 2003). Moreover, the guidelines should reflect 

the varied environmental preferences of different freshwater communities, which may 

vary in their tolerance of SS (Collins et al., 2011).  

Finally, there is currently a large array of techniques and methods used for determining 

SS composition and concentration; these often un-standardised techniques make 

guideline-setting and assessments of compliance even more challenging. As such it is 

crucial that these techniques are evaluated to enable more accurate and biologically 

meaningful assessments of SS regimes in freshwater ecosystems. Methods that are 

commonly used in the monitoring and determination of SS and their limitations are 

discussed in detail in Chapter 2.  

 

1.2 Research aims 

The main aims of this thesis are:   

(1) To support the development of environment-specific water quality guidelines for 

SS.  

(2) To support the advancement of the techniques used for quantifying and 

characterising SS in aquatic environments.  

1.3 The approach 

These aims will be addressed through completion of three key objectives:  

(1) Quantify and model the dynamics of SS observed in contrasting ecosystems that 

are in reference-condition (Chapters 3-5). 

(2) Identify how the characteristics of SS vary in contrasting ecosystems that are in 

reference-condition (Chapter 6). 

(3) Evaluate the optimal methods for monitoring SS in these different ecosystems 

(Chapter 4 and Chapter 6). 
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1.4 Thesis structure and outputs 

The thesis is divided into seven chapters: 

Chapter 1 is a preamble to the research, which sets the research context, the aims, and 

the approach as well as outlines the thesis structure.  

Chapter 2 presents the findings of a literature review of the existing research regarding 

SS in freshwater ecosystems. As a starting point it defines SS, its sources and variability 

in different environments. It then goes on to examine the impacts of SS on physical, 

chemical and biological aspects of freshwater ecosystems. The chapter also summarises 

the existing techniques and technologies employed in monitoring and characterising SS. 

Finally, it examines the current water quality guidelines for SS, methods of defining 

reference condition and targets for desirable levels of SS.  

Chapter 3 presents the results of an analysis of low-resolution SS data collected as part 

of national monitoring programmes between 1974 and 2004 from 638 UK sites that are 

in reference-condition. This chapter (a) identifies differences in the background SS 

concentrations observed in contrasting reference-condition ecosystems, and (b) 

identifies the natural environmental characteristics that influence background SS 

concentrations, in order to develop a statistical model for predicting environment-

specific water quality guidelines for SS.  

Chapter 4 presents the results of high-resolution SS monitoring programmes, with data 

collected between 2011 and 2013 in ten contrasting reference-condition ecosystems. 

These data are complementary to those in Chapter 3 and improve our understanding of 

the natural temporal dynamics in SS in contrasting reference-condition ecosystems.  

Chapter 5 presents an assessment of the predicted biological impact of the SS 

concentration-durations observed in the reference-condition sites monitored as part of 

this PhD project. This chapter identifies differences in the number of events for selected 

SS concentrations for different fish species and their developmental stages in order to 

develop concentration duration frequency models for SS. 

Chapter 6 presents the findings of laboratory investigations conducted to evaluate the 

methods used to monitor and characterise SS. This chapter focuses on (a) the influence 
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of filter paper pore size on gravimetric determinations of SS, and (b) the influence of 

combustion techniques for the determination of organic carbon content.  

 

Chapter 7 summarises and discusses the key findings of the research project. The 

chapter concludes with recommendations for further studies.  

 

The research presented in the thesis also contributed to a number of peer-reviewed 

publications. Table 1.4 lists the articles that the thesis supported and contributed to.  
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Table 1.3 An outline of the structure of the thesis 

 

Chapter one: Introduction 

 

 

Chapter two: Literature review: suspended sediment in freshwater environments 

 

 

Chapter three: Water quality guidelines for suspended sediment – evidence from historical 

data in contrasting RIVPACS reference-condition freshwater ecosystems 

 

 

Chapter four: Water quality guidelines for suspended sediment – evidence from contemporary 

high-resolution monitoring in contrasting RIVPACS reference-condition freshwater ecosystems 

 

 

Chapter five: Water quality guidelines for suspended sediment – ecological evidence from 

contemporary high-resolution monitoring in contrasting RIVPACS reference-condition 

freshwater ecosystems 

 

 

Chapter six: Particle size and geochemical composition of suspended sediment in contrasting 

RIVPACS reference-condition streams and rivers: implications for monitoring and management 

 

 

Chapter seven: Development of guidelines for suspended sediment: conclusion and 

recommendation for the future 
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Table 1.4 Thesis outputs and contributions  

 

1. 

 

Bilotta, G.S., Grove, M.K. and Mudd, S.M. (2012) Assessing the significance of 

soil erosion. Transactions of the Institute of British Geographers. 37, 342-345. 

 

The main focus of the article is the significance of soil erosion and the limitations of 

methods currently used to assess it. One of the concerns discussed in the article is that 

soil erosion causes significant off-site problems by delivering fine sediments to 

freshwater ecosystems. A part of publication that examines the response of aquatic 

organisms to SS and the factors that influence them (e.g. SS concentration, the duration 

of exposure, particle shape, size and composition) is constructed and underwritten 

personally from the findings reported in Chapter 2.  

 

 

2. 

 

Bilotta, G.S., Burnside, N.G., Cheek , L., Dunbar, M.J., Grove, M.K., Harrison, C., 

Joyce, C., Peacock, C., and Davy-Bowker, J. (2012) Developing environment-

specific water quality guidelines for suspended particulate matter. Water Research. 

46, 2324 -2332. 

 

The article examines a long-term records of SS concentrations (13,183 analyses) 

collated in the RIVPACS database and collected from a wide range of reference 

condition temperate rivers and streams in order to: (1) identify differences in the 

concentrations of SS that are observed in contrasting ecosystems that are in reference 

condition, and (2) develop a model for predicting environment-specific guidelines for 

SS. The description of the RIVPACS data, statistical methods used to examine it as well 

as the outcomes of the investigation, is based on and underwritten personally from the 

analogous section in Chapter 3.  
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Table 1.4 (cont.) Thesis outputs and contributions 

 

3. 

 

Grove, M.K., Bilotta, G.S., Wookman, R.R. and Schwartz, J.S. (2015) Suspended 

sediment regimes in contrasting reference-condition freshwater ecosystems: 

Implications for water quality guidelines and management. Science of the Total 

Environment, 502, 481-492.  

 

The article examines the SS regimes and their spatial and temporal variability in ten 

contrasting reference-condition river ecosystems monitored during 2011-2013. The 

article also investigates the influence of the various sampling frequencies on SS 

concentration estimations and the appropriateness of current regulatory water quality 

guidelines and monitoring. The publication is solely based on the data and the findings 

presented and discussed in Chapter 4, supported by the revisions and evaluations 

provided by the co-authors.  

 

 

4. 

 

Grove, M.K. and Bilotta, G.S. (2014) On the use of loss-on-ignition techniques to 

quantify fluvial particulate organic carbon. Earth Surface Processes and 

Landforms. 39, 1146-1152. 

 

The article compares the particulate organic carbon measurements derived from a 

combustion and loss-on-ignition technique, and an oxidative-combustion and CO2 

detection technique, applied to water samples collected between 2011 and 2012 from 

ten contrasting reference-condition temperate river ecosystems. The publication is 

solely based on the data and the findings presented and discussed in Chapter 6, 

supported by the revisions and evaluations provided by the co-author. 
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2. Chapter Two: Literature review: suspended sediment 
in freshwater environments  
 

Part of the content of Chapter 2 is published in Transactions of the Institute of British 

Geographers (2012) 37 p.342-345. 

 

2.1 Introduction 

This chapter consists of four parts:  

Part one defines SS, its sources, and the causes of spatial and temporal variations.  

Part two provides a review of physical and chemical impacts of SS on water quality and 

aquatic environments as well as biological effects on the aquatic organisms (fish, 

macrophytes, periphyton, and macroinvertebrates).  

Part three reviews the current methods used in sampling and quantifying of SS in 

freshwater ecosystems, including the principles, advantages and limitations of each 

approach.  

Part four outlines methods available for establishing water quality guidelines for SS. 

 

Defining suspended sediment 

There are numerous definitions and alternative terms used to describe ‘suspended 

sediment’ in aquatic habitats. The list of alternative terms includes: fine particles, fines, 

fine sediments, particulates and suspended solids (Gordon et al., 2004, Naden et al., 

2003, Naden, 2010, Walling and Webb, 1992). The term ‘suspended sediment’, and 

associated terms, have been used to refer to material which is found suspended in the 

water column or found deposited on/in aquatic substrates. The upper size limit of SS has 

been suggested, by researchers such as Walling and Webb (1992), to be 63 µm in size, 

reflecting the results of their study on rivers in the Exe basin which demonstrated that 

more than 95% of the suspended load is transported in that fraction class. Waters (1995) 

similarly recognises this particle size (63 µm) as one separating SS from deposited 

sediment, but also states that larger particles (e.g. fine-medium sand) can become part of 
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the SS load during high flow events. Other authors define SS as particles of less than 1 

mm (Kemp et al., 2011) or 2 mm in diameter (Jones et al., 2012b). 

The most commonly used definition of the lower size limit of SS is the boundary of 

0.45 µm, which is often accepted as separating the dissolved and suspended fractions 

(Horowitz, 2013, Schindl et al., 2005). However this definition often varies in different 

monitoring programmes, and can depend on the constituents of concern and the filter 

papers used, which can differ in the pore sizes between 0.2 to 1.2 µm (Hilton et al., 

2010, Naden, 2010, Horowitz, 2013, Wass et al., 1997). Consequently, some of the 

studies might be omitting an important part of SS as many clay and organic particles 

(e.g. algal cells, bacteria, detritus, and extracellular polymers) are much smaller than 

those operational boundaries (Figure 2.1).  

In this project, the term ‘suspended sediment’ refers to the suspended material, both 

organic and inorganic, ranging from nano-scale particles and colloids to sand-sized 

sediments (Bilotta et al., 2012).  

 

 

Figure 2.1 Particle size ranges of inorganic and organic particles found in aquatic systems (Tipping, 
1988) 
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Traditionally, the term ‘suspended sediments’ (solids) also strictly referred to mineral 

particles and depicted them as a combination of sand, silt and clay particles (Naden, 

2010, Walling et al., 2000, Wass and Leeks, 1999). This was because many 

hydrologists and their research focused on the inorganic component of the suspended 

solids as a method of quantifying erosion rates and sediment deposition within a 

drainage basin (Beschta, 1996, Olive and Rieger, 1992). This approach incorrectly 

assumed that erosion, defined as a detachment and the transport of soil particles by 

water or wind, affected only inorganic particles (Bilotta et al., 2007). This definition 

also failed to recognise the impact of organic particles on water quality and freshwater 

organisms (Minshall et al., 1985). However, in recent years the definition of SS was 

expanded to include both fractions once it had been recognised that organic particles are 

a crucial element in the transport of inorganic particles in flocculated/aggregated forms. 

Subsequently it is now accepted that SS includes organic and inorganic material 

(Droppo, 2001).   

 

Sources of sediment 

It is important to recognise that, unlike some aquatic pollutants (e.g. pesticides, 

pharmaceuticals, veterinary medicines), SS is a natural component of freshwater 

ecosystems, critical to habitat heterogeneity and ecological functioning (Maitland, 2003, 

Meehan et al., 1977, Swietlik et al., 2003, Vannote et al., 1980, Yarnell et al., 2006). 

There is natural spatial variation in SS conditions that are determined by a number of 

the environmental characteristics associated with each catchment (e.g. climate, 

catchment geology and topography, and channel hydromorphology). There is also 

temporal variation in SS associated with the variable contributions from different 

channel and non-channel sources. Wood and Armitage (1997) suggest that the principle 

origins of SS available to a stream/river from channel sources are: (i) river banks subject 

to erosion due to high shear, long exposure to water, and location (e.g., on a meander 

bend); (ii) mid-channel and point bars subject to erosion; (iii) fine bed material stored 

within the interstices or from surficial deposits; (iv) natural backwaters where sediment 

may accumulate during base flow conditions; (v) fine particles trapped within aquatic 

macrophyte stands or associated with the seasonal growth and decline of aquatic 

vegetation; and (vi) other biotic particles including phytoplankton and zooplankton. In 

some instances there may be some in-channel generation of fine particles due to the 
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breakdown of aquatic macrophytes, biofilms and invertebrate material. Ladle and 

Griffiths (1980) have shown that benthic invertebrate faecal material is also a significant 

source of fine SS in streams and rivers. Some aquatic organisms (invertebrates and 

vertebrates) may also act to re-suspend material stored in the bed and banks of a 

waterbody through burrowing, feeding, and breeding behaviours (Harvey et al., 2011, 

Hassan et al., 2008, Montgomery et al., 1996). The main non-channel sources of SS 

supplied to a stream/river are: (i) exposed soils subject to erosion - this material is 

transported to the channel via surface and subsurface runoff; (ii) mass failures within 

the catchment, such as landslides and soil creep; (iii) litter fall, principally leaf material 

from vegetation adjacent to the channel; and (iv) atmospheric deposition, due to aeolian 

processes and precipitation (Wood and Armitage, 1997). 

Natural levels of SS in water bodies can also be modified through anthropogenic 

activities including: agriculture (Harding et al., 1999, Johannsen and Armitage, 2010), 

construction, mining, urban environments, habitat and channel modification, and 

deforestation (Abel, 1996) (Figure 2.2).   

 

 
Figure 2.2 Sources of SS in freshwater environments (Bilotta et al., 2010) 
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Spatial variation in suspended sediment  

Within a river system, the composition and concentrations of SS vary spatially along 

longitudinal (e.g. downstream fining), lateral and vertical dimensions. Naden et al. 

(2003) identified factors influencing quantities of particles in suspension to be: water 

velocity, turbulence, grain size density, and depth. Typical vertical distributions of 

different fractions of SS (in this case inorganic matter) are illustrated in Figure 2.3. In 

cases and areas where the velocity and the turbulence of the flowing water are not 

sufficient to retain particles in suspension, some deposition (siltation) on the riverbed or 

within a substrate can occur. This alteration to the distribution and quantities of SS 

within the channel can take place in and around vegetation (Sand-Jensen, 1998), in 

backwater areas, near channel margins or any other zone where velocity is reduced 

(Tipping et al., 1993).  

 

 
Figure 2.3 Vertical distribution and concentration profiles of SS of a range of particle sizes (Brakensiek 
et al., 1979) 

 

Over a larger geographical scale, the main factors which influence spatial variability of 

SS composition and concentrations have been identified as: climate, geology, soil type, 

relief, tectonic activity and land use (Meade and Parker, 1984, Naden, 2010, Walling 

and Webb, 1992, Wark and Keller, 1963). Walling and Webb (1996) found that the 

average SS concentrations in the UK vary between 50-100 mg L-1 with maximum 

concentrations rarely exceeding 5000 mg L-1, whilst in the USA average concentrations 

surpass 2000 mg L-1.  
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Temporal variations in suspended sediment 

Over the daily time scale, temporal variations in SS concentrations are often related to 

daily changes in rainfall and river discharge. Most of the time temperate rivers carry 

very little SS, with the majority of transport occuring during storm events that mobilise 

sediment from the catchment area. Naden et al. (2003) suggested that during storm 

events SS concentrations can vary over three orders of magnitude in a single storm and 

range between 0 to 60,000 mg L-1. It is also estimated that >90% of SS is carried in 

<10% of time (Naden, 2010, Walling and Webb, 1992, Webb and Walling, 1982). For 

example Meade and Parker (1984) described the effects of an extreme storm and its 

impact on sediment transport on the River Eel (USA) and estimated that the river 

transported more sediment in three days than it had in the previous seven years. 

There are also seasonal variations in SS concentrations overlying this daily variation. SS 

transport tends to be higher during the winter in temperate environments when soils are 

already saturated and further rainfall promotes erosion over the hydrologically-

connected landscape; higher during the spring in alpine and glacial environments 

(period of snow melt); and higher during summer in dryland environments (period of 

intense convectional rainstorms) (Walling and Webb, 1996).  

Finally, there are also longer-term variations in SS concentrations associated with inter-

annual and decadal weather phenomena (e.g. El Niño, La Niña, North Atlantic 

Oscillation), and even millennial-scale variations associated with longer-term changes 

in climate, tectonic activity, and land use (Foster, 1995, Walling and Webb, 1996, 

Xiang et al., 2007). 

This large spatial and temporal variability in SS concentrations and transport makes the 

measurement and monitoring of it, either for regulatory or research purposes, extremely 

complex. A review by Naden et al. (2003) of SS concentrations in UK rivers from data 

collected by various research organisations and national bodies (e.g. Environment 

Agency and Scottish Environment Protection Agency) identified a number of problems 

with estimations and SS monitoring programmes. The major findings of that review 

were: (i) there is a monitoring bias towards locations affected by human activities (e.g. 

pollution incidents, effluent or industrial discharges) resulting in a definite gap in 

knowledge about SS conditions in more natural sites, (ii) collected data tends to be 

inconsistent as it is collected only in relation to certain events e.g. storms or floods 
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(usually in winter months), with the purpose of estimating sediment yields which 

excludes biologically active parts of the year such as spring and summer, (iii) collected 

data is limited due to projects being periodically suspended due to a lack of funding or 

changes in monitoring objectives and (iv) there is limited knowledge of the temporal 

and spatial variability of SS as a result of laborious manual sampling methods employed 

in the past.  

 

2.2 Impacts of suspended sediment on aquatic environments 
 

2.2.1 Physical and chemical impacts 

SS is an important component of aquatic environments, in regards to its quantity and 

quality. It has a range of physical and chemical effects on aquatic ecosystems. SS 

increases water turbidity and light attenuation and when deposited is responsible for the 

siltation of channels and reservoirs, resulting in changes of bed characteristics and 

channel morphology (Naden et al., 2003). An increase in turbidity in water bodies can 

also be associated with a decrease in their aesthetic value as well as with changes in 

their thermal properties, due to the heat being reflected from the SS (Ryan, 1991).    

In-channel siltation significantly reduces the life expectancy of reservoirs, water supply 

and irrigation systems and increases their operational costs (Pimentel et al., 1995, 

Woodward, 1995) which is a cause of concern in many countries as it is estimated that 

25-30% of the global fine sediment flux is retained within some 45,000 reservoirs 

(Vörösmarty et al., 2003). In the USA, for instance, impairment of reservoirs and lakes 

caused by sedimentation is estimated to be responsible for 0.22% loss of the nation’s 

water storage capacity annually. The economic costs of those damages to the storage 

capacity have been estimated in the past to range between $597 million to $819 million 

yearly (Crowder, 1987).  

SS also reduces navigability and reduces the efficiency of flood defences (Owens et al., 

2005). An investigation of small reservoirs/ponds used as floodwater-retaining 

structures in Belgium, showed that some of them lost total retention capacity after only 

three to four years, resulting in very high maintenance costs of more than €1.5 million 

per year (Verstraeten and Poesen, 2000). In the US, dredging sediments from the 

waterways in order to maintain their navigability is estimated to cost the country $520 
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million annually, whilst dredging and excavating small reservoirs to keep them 

operational cost approximately $50 million per year (Clark, 1985).  

In recent years, there has been an increasing awareness of the role of SS on the chemical 

properties of water because of its association with the transport of many elements, 

nutrients and contaminants as a result of its large surface area and ionic charge. It is 

suggested that more than 90% of the total riverine flux of: chromium (Cr), lead (Pb), 

caesium (Cs), nickel (Ni), rubidium (Rb) and cobalt (Co) are being transported as 

particulates (Martin and Meybeck, 1979). Fine sediments are also well established as 

carriers of pesticides and other heavy metals (Kronvang et al., 2003), main nutrients 

such as phosphorus and nitrogen (Bowes and House, 2001, Haygarth et al., 2006, Jarvie 

et al., 2005), pathogens (Droppo et al., 2009, Palmateer et al., 1989) and 

polychlorinated biphenyls (PCBs) (Owens et al., 2001). Increases in SS and associated 

contaminants can therefore lead to problems such as eutrophication, bioaccumulation of 

harmful chemicals in the tissue of aquatic organisms and microbial pollution leading to 

an increased health risk to humans (Chapman, 1996). Furthermore SS is also an 

important part of the global carbon transfer where it is estimated that 27% of carbon 

flux between rivers and the world’s oceans is associated with this sediment fraction 

(Meybeck, 1982).   

 

2.2.2 Biological effects 

Apart from physical and chemical effects on aquatic environments, SS also has 

profound impacts on aquatic biota at all trophic levels, from phytoplankton to fish 

species. The impacts of SS on aquatic organisms can be divided into direct 

physiochemical effects on organisms or their habitats such as abrasion, burial, changes 

in the SS composition and depletion of oxygen levels; or indirect effects such as 

changes in the habitat availability, quality and accessibility of food and community 

composition (Jones et al., 2012a, Jones et al., 2012b). Those effects can also be divided 

based on the immediacy of response into short, intermediate or long term (Kemp et al., 

2011). The section below describes the effects of SS on aquatic biota as well as factors 

such as concentration, geochemical composition, duration of exposure and particle size 

distribution, which govern those effects. 
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Phytoplankton, periphyton and macrophytes 

In the case of photosynthesising organisms (phytoplankton, periphyton and 

macrophytes), the most detrimental effect of increased concentrations of SS and 

turbidity is the reduction of light penetration through the water column, influencing 

growth and species abundance. A study by Facca et al. (2002) found negative 

correlations between an abundance of microphytobenthos and phytoplankton 

communities, suspended and settled sediments, and underwater light availability. 

Reduced rates of photosynthesis can also impair the growth of submerged macrophytes 

and lead to reduced stream productivity as has been demonstrated by Lloyd (1987), 

Rivier and Seguier (1985) and Van Nieuwenhuyse and LaPerriere (1986). Köhler et al. 

(2010) on the other hand observed more complex interactions as the significant 

reduction in macrophyte growth due to the reduction in light penetration was only noted 

in areas of combined high turbidity and shade by bankside vegetation and periphyton.  

The most common physical effect of SS on macrophytes, particularly submerged ones, 

is tissue abrasion as their leaves tend to be thinner and lack a cuticle (Steinman and 

McIntire, 1990). In cases of rapid accumulation and deposition of sediments, a total loss 

of macrophytes, even the fast growing ones, can be observed (Brookes, 1986), whilst 

the burial of their seeds or tubers can limit their ability to re-establish themselves in the 

affected environment (Jones et al., 2012a). Burial is particularly problematic to slower-

growing species such as mosses and liverworts. Matthaei et al. (2006) reported a 

reduction of moss cover and abundance after additions of fine sediment in rivers where 

they were a main component of the plant communities prior to the investigation. Similar 

effects of reduced biomass are also found on periphyton (Yamada and Nakamura, 

2002). Examples of the harmful levels of SS and its effects on phytoplankton, 

periphyton and macrophytes, are shown in Table 2.1. 
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Table 2.1 Effects of SS on phytoplankton, periphyton and macrophytes 

 
Impact 

 
Sediment concentration 

(mg L-1)/ 
Turbidity (NTU) 

 

 
Duration 

 
Species 

 
Reference 

 

 
Abrasive damage to the 
leaves 
 

 
500 mg L-1 

 
1 week 

 
Aquatic moss 

 
Lewis (1973) 

 

Abrasive damage to the 
leaves 
 

100 mg L-1 3 weeks Aquatic moss Lewis (1973) 
 

No primary production 1100-3400 NTU -- Macrophytes and algae Van Nieuwenhuyse and 
LaPerriere (1986) 

 
50% reduction in primary 
productivity 

5.2-170 NTU -- Macrophytes and algae Van Nieuwenhuyse and 
LaPerriere (1986) 

 
Reduction in biomass and 
primary productivity 
 

2.4-100 NTU 2 months Phytoplankton Davies-Colley et al. (1992) 

 



[22] 
 

Invertebrates 

The most widespread physical effects of increased concentration levels of SS and its 

rates of transport and deposition on aquatic invertebrates are abrasion, clogging of body 

organs, drift, burial or habitat exclusion (Jones et al., 2012b). Abrasion and clogging of 

organs can be particularly detrimental to organisms that collect particles from the water 

column by filter feeding, resulting in using extensive amounts of energy on removal of 

sediment particles from their gills or filter combs, leading to reduced feeding efficiency. 

For example, Tsui and McCart (1981) noted a general negative response to 

sedimentation for invertebrate species with large gill surface areas such as Mayflies 

(Ephemeroptera) and Stoneflies (Plecoptera), whilst Kurtak (1978) observed hindered 

feeding in black fly (Simuliidae) larvae at SS concentrations greater than 50 mg L-1 

(Table 2.2).   

A number of studies have also shown that increased sediment loads affect the density, 

diversity and structure of the invertebrate communities in rivers. Gammon (1970) noted 

that an increase in SS from 40 mg L-1 to 120 mg L-1 resulted in a 25% to 60% reduction 

of macroinvertebrate population density. An addition of fine sediements (4-5 kg m-2) in 

the field experiments carried out by Larsen and Ormerod (2010) resulted in increased 

drift density by 45%, and decrease of benthic density by 30-60%. Culp et al. (1986) 

observed 50% reduction in benthic invertebrates’ densities caused by fine sediment and 

leading to significant changes in community composition.  

Whilst increased SS concentration and transport can have many negative impacts on 

invertebrates which remain suspended in the water column (e.g. zooplankton), SS which 

is deposited in habitats where typical rates of sediment accumulation are low, presents 

potential difficulties for sedentary animals. For instance, organisms such as the 

freshwater pearl mussel (Margaritifera margaritifera) which are characteristic of 

habitats with low sedimentation rates can be particularly exposed to the risk of burial 

because of incapability to keep pace with the increased rates of sediment deposition 

(Österling et al., 2008, Wood and Armitage, 1997). 

Burial poses risks also to invertebrates at other stages of their life cycle, for example 

eggs, nymphs and pupae (Jones et al., 2012b). A study by Dobson et al. (2000) 

demonstrated detrimental effects of burial on caddis larvae (Potamophylax cingulatus), 

leading to the abandonment of their cases in order to facilitate escape and therefore 
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being more exposed to predation. Other studies also showed differences amongst 

species in vulnerability of immature invertebrate life stages to sediment deposition. 

Wood et al. (2001, 2005) noted that nymphs of the mayfly (Baetis rhodani) were 

extremely sensitive to burial and unable to excavate themselves from deposited 

sediments in contrast to the nymphs of the stonefly (Nemoura cambric) and caddis fly 

(Melampophylax mucoreus). Further examples of SS effects on macroinvertebrates are 

shown in Table 2.2. 
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Table 2.2 Effects of SS on macroinvertebrates 

 
Impact 

 
Sediment concentration 

(mg L-1)/ Turbidity 
(NTU) 

 

 
Duration 

 
Organisms 

 
Reference 

 

 
Reduced invertebrate 
density by 26% (range 9-
45%) 
 

 
7-154 NTU above 

background 

 
2 months 

 
Benthic invertebrates 

 
Quinn et al. (1992) 

Clogging of digestive 
organs and filter feeding 
apparatus 
 

300-500 mg L-1 --- Cladocera and Copepoda Alabaster and Lloyd (1982) 

Reduced survival; 
no effects on growth 
 

23 NTU ---  Strand and Merritt (1997) 

Reduced feeding rates 
 

> 50 mg L-1 --- Diptera Kurtak (1978) 

Increased drift 2680 mg L-1 --- Ephemeroptera Ciborowski et al. (1977) 
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Fish 

Sediment can affect fish in a number of different ways, directly or indirectly through 

changes to their habitats. Physiological effects on fish species, caused by increased SS 

concentrations in the water column, can be measured as a response to stress in the 

categories of impaired growth, changes in blood chemistry, gill tissue damage, or 

general decrease in resistance to disease (Anderson, 1996). McLeay et al. (1987) found 

that SS concentrations of 100 mg L-1 or greater significantly impaired growth in Arctic 

grayling (Thymallus arcticus). Similar physiological responses were observed by Sigler 

et al. (1984) in juvenile steelhead trout (Oncorhynchus mykiss) and coho salmon 

(Oncorhynchus kisutch) exposed to different types of clay in concentrations varying 

between 84-120 mg L-1 during 14 to 21-day periods (Table 2.3).  

Elevated quantities of SS are also known to affect fish gill tissues through physical 

abrasion or absorption of particles. Herbert and Merkens (1961) observed damage in 

rainbow trout gills in concentrations of 270 mg L-1 after 13 days of exposure. In 

contrast, McLeay et al. (1987) did not record any gill damage in Arctic grayling 

exposed for four days to concentrations as high as 1300 mg L-1. Such opposing results 

in those studies suggest that other factors (e.g. species-specific tolerance, duration of 

exposure or composition of SS) and not only SS concentrations play a key role in 

physical responses of fish species.   

Another physiological effect observed in many salmonid species in environments with 

increased concentration levels of SS is a decrease in resistance to diseases or chemical 

toxins (Redding et al., 1987). McLeay et al. (1987) noted decreased tolerance of Arctic 

grayling to pentachlorophenol (PCP) in SS conditions of 100 mg L-1. Similarly Herbert 

and Merkens (1961) found rainbow trout more vulnerable to infections of fin rot after 

121 days in SS concentrations of 270 mg L-1 (Table 2.3).  

Apart from affecting free-living fish directly, SS can also affect them through habitat 

modification. The most researched area of habitat alteration and its impact on fish is the 

deposition and infiltration of SS in gravel-bed rivers. Inter-gravel water movement 

through the riverbed and supply of dissolved oxygen is important for fish species, which 

bury their eggs, and later for the emerging alevins. An increase in the proportion of fine 

sediments in salmonid spawning habitats, which reduces the permeability and porosity 

of the gravel beds, can therefore have impacts on egg survival rates(Greig et al., 2005, 
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2007; Heywood and Walling, 2007). Weaver and Fraley (1993) found a significant 

inverse relationship between fry emergence success of westslope cutthroat trout and the 

percentage of fine sediments, where the emergence success declined from 76% to 4% 

whilst the percentage of fine material increased from 0% to 50%.  

An increased SS load can also alter the exploitation of available habitats by fish, leading 

to possible habitat exclusion (Lisle and Lewis, 1992). This can be hugely significant in 

fish population dynamics when occurring for example during critical spawning periods 

(Kemp et al., 2011). Deposition of fine matter can also reduce or even exclude potential 

rearing habitats for juvenile fish, which use interstitial spaces in riverbeds as refugia. 

For example, Griffith and Smith (1993) observed lower numbers of juvenile rainbow 

trout and cutthroat trout in the areas of river with heavily infiltrated gravel bed because 

of the lack of available cover. The timing of the increased input and deposition of fine 

sediments into the aquatic system is also critical to many juvenile stages of salmonid 

species. For instance, early live stages of many salmonids are found in riverbeds during 

the winter season and introduction of SS during that period can have a detrimental effect 

on their survival (Anderson, 1996). Table 2.3 shows examples of SS concentrations and 

effects on fish.  

 

Factors controlling the effects of SS on aquatic biota 

As already described in the previous sections, SS can affect aquatic biota in many 

different ways. It can affect them directly through organ abrasion, clogging and burial; 

or indirectly through alterations in their habitat. Changes in aquatic habitats caused by 

an increased concentration or transport of SS can lead to loss of refugia, increased risk 

of predation, loss of food and breeding grounds, which in turn can reduce growth rates, 

abundance and community composition. However, those effects and their severity 

depend not only on the concentration of SS but also on other factors such as: (1) 

duration of exposure, (2) geochemical composition and (3) particle-size distribution and 

shape of SS (Bilotta and Brazier, 2008).  
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Effects of duration of exposure 

Historically most research was based on a simple assumption that the effect of SS 

depended only on concentration (Newcombe and MacDonald, 1991). That approach 

suggested that a lot of SS pollution was caused by sporadic events and was not a 

persistent long-term problem, even though some studies showed that impacts of SS 

entering the water system can last from a few months to a few years, as in the case of 

timber harvesting projects (Macdonald et al., 2003). This attitude has changed in recent 

years as more evidence suggests that a concentration-response model is too simplistic in 

its approach and that there are additional factors involved. A review of over 70 

scientific papers by Newcombe and MacDonald (1991) showed a poor correlation 

between the ranked severity of effects on aquatic organisms and the SS concentration 

(r2=0.14, NS). 
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Table 2.3 Effects of SS concentrations and turbidity on fish 

 
Impacts 

 
Sediment concentration 

(mg L-1)/ Turbidity 
(NTU) 

 

 
Duration 

 
Species 

 
Reference 

 
Impaired growth;migration to clear 
waters 

 
84-120 mg L-1 

11-51 NTU 
 

 
14-21 days 

 
Salmo gairdneri (Steelhead trout) 

Oncorhynchus kisutch (Coho 
salmon) 

 

 
Sigler et al.  (1984) 

Impaired growth and feeding 
activity; colour changes; decreased 
resistance 

>100 mg L-1 6 weeks Thymallus arcticus (Arctic 
grayling) 

McLeay et al. (1987) 

 
Stress responses-elevated and/or 
more varied blood sugar levels 
 

 
50 mg L-1  

(organic sediment) 

 
1-4 days 

 
Thymallus arcticus (Arctic 

grayling) 

 
McLeay et al.(1987) 

Gill trauma 270 mg L-1 13 days Oncorhynchus mykiss (Rainbow 
trout) 

 

Herbert and Merkens 
(1961) 

Decrease in resistance against 
disease and toxins 

270 mg L-1 121 days Oncorhynchus mykiss (Rainbow 
trout) 

Herbert and Merkens 
(1961) 

 



[29] 
 

 

 
Table 2.3 (cont.) Effects of SS concentrations and turbidity on fish 
 
 
Impacts 

 
Sediment concentration 

(mg L-1)/ Turbidity 
(NTU) 

 

 
Duration 

 
Species 

 
Reference 

 
Decrease in resistance against 
toxins 

 
100 mg L-1 

 
-- 

 
Thymallus arcticus (Arctic 

grayling) 

 
McLeay et al. (1987) 

 
 
Inhibited feeding activity; 
increased susceptibility to 
pathogens  

 
2000-3000 

mg L-1 

 
192 h 

 
Oncorhynchus kisutch (Coho 

salmon) 

 
Redding et al. (1987) 

 
Reduced feeding rate 

 
10-60 NTU 

 
 

 
-- 

 
Oncorhynchus kisutch (Coho 

salmon) 
 

 
Berg and Northcote 

(1985) 

Reduced feeding rate 3.5-25 NTU 
 
 

-- Oncorhynchus clarki henshawi 
(Cutthroat trout) 

 

Vinyard and Yuan 
(1996) 

Increased coughing 3-30 NTU 
 
 

-- Oncorhynchus kisutch (Coho 
salmon) 

Servizi and Martens 
(1992) 

 
Reduced reaction distance 0-43 NTU 

 
-- Salvelinus fontinalis (Brook 

trout) 
 

Sweka and Hartman 
(2001) 
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In contrast, the model showed a much stronger correlation between SS intensity 

(defined as concentration times duration of exposure) and the ranked severity of effects 

on aquatic organisms (r2=0.64, p 0.01). Endorsement of this proposal can be noticed for 

example in the studies of fish responses to different SS concentrations and different 

exposure periods by Herbert and Merkens (1961) and McLeay et al. (1987). 

Comparison of the results of the tests showed that exposure to high concentrations of SS 

(1300 mg L-1) for shorter periods of time (four days) was less damaging to the fish 

organs than exposure to lower concentration of SS (270 mg L-1) for longer periods (13 

days). A later review by Newcombe and Jensen (1996) provided further detail on 

biological responses to the duration of exposure and SS concentration. The study 

yielded six empirical equations relating those biological responses to sediment dose and 

duration, with the ‘severity of ill-effect’ being delineated along a scale describing four 

responses (no behavioural effects; behavioural effects; sub-lethal and lethal effects).  

The results showed that susceptible individuals have more sensitivity to sediment dose 

and duration, and that some species and life stages can be more sensitive than the others 

to SS. Furthermore the findings accentuated the necessity for more specific (in regards 

to taxonomic groups, life stages or particle sizes) dose-response profiles as well as 

further examination of particle-size impacts.   

 

Effects of particle-size distribution 

Particle-size distribution, after the duration of exposure, is yet another factor that 

governs the effects of SS on aquatic biota and environments. Grain size, especially the 

colloidal fraction, influences the sorption capacity of the SS and therefore controls 

greatly its basic mineralogy and geochemistry (Walling and Webb, 1992). It also acts as 

a vector for many contaminants, pesticides or pathogens. For example, association of 

the finest particle fraction (< 0.013 mm) with particulate phosphorus and metals ions 

with larger fractions (usually between 0.063 and 0.125 mm) (Ongley et al., 1992) can 

significantly modify the chemistry of the water body and influence the biotic 

communities present there.  

The size of the SS particles can also determine their settling properties and distribution 

within the water column (Bilotta and Brazier, 2008). According to Stoke’s law, smaller 

particles remain in suspension in the water column longer than the larger particles and 
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therefore have the potential to influence aquatic organisms for longer periods of time. 

On the other hand, coarse or medium sand particles tend to settle more rapidly because 

of their shape, density and size. This leads to higher concentrations of coarser fractions 

near the riverbed, which can have detrimental impacts on biota occupying that zone, e.g. 

sedentary invertebrates (Österling et al., 2008, Wood and Armitage, 1997) or spawning 

fish (Greig et al., 2005, 2007; Heywood and Walling, 2007). 

 

Effects of geochemical composition 

Another factor that controls the effects of SS on the aquatic organisms is its 

composition. Most of the studies that have examined SS composition focus on the 

organic component of SS, and its impacts on the levels of dissolved oxygen and the 

quality of spawning and incubation habitats (Soulsby et al., 2001, MacPherson et al., 

2007, Carling and McCahon, 1987, Montgomery et al., 1996, Turnpenny and Williams, 

1980, Greig et al., 2005) A decline in dissolved oxygen caused by the introduction of 

oxygen consumptive organic materials from sources such as sewage or coal mining 

effluent, livestock slurry, decaying autochthonous or allochthonous vegetation (Collins 

et al., 2011, Turnpenny and Williams, 1980) have been reported to reduce reproductive 

success and the natural recovery of fish populations (Collins et al., 2011, Turnpenny 

and Williams, 1980) and reduce incubation success of salmon eggs and embryos (Greig 

et al., 2005).  

Other studies that investigate SS geochemical composition and its impacts on the 

aquatic biota focus on cases of environmental pollution e.g. effluents from china-clay 

works (Nuttall and Bielby, 1973) or gold mines (Reynolds et al., 1989, Van 

Nieuwenhuyse and LaPerriere, 1986). These studies reported increased mortality rates, 

gill damage, starvation and slowed maturation of organisms in sites affected by the 

effluents in comparison to organisms in undisturbed sites (Reynolds et al., 1989).   
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2.3 Methods of monitoring and quantifying sediment 

There are multiple reasons for monitoring SS in aquatic ecosystems. In some studies, SS 

monitoring and quantification is used as an indirect method of determining soil erosion 

rates (Olive and Rieger, 1992). In those studies, SS monitoring is used as a measure of 

loss of soil quantity and fertility and a decline in agricultural productivity, or as an 

indicator of environmental degradation (Walling, 1988) and therefore economic loss. In 

other studies, SS monitoring is used as a method of acquiring an overview of siltation 

rates in water bodies such as lakes and reservoirs to estimate the loss of their storage 

capacity and therefore used to predict their operational life-span (Bolton, 1984, 

Ongwenyi et al., 1993, Summer et al., 1992). More recently, SS monitoring has turned 

its focus to associations with water pollution issues, nutrient cycling and its effects on 

aquatic organisms (Cooper et al., 2002, 2003; Collins et al., 2011). However monitoring 

SS dynamics in natural environments can be a very challenging task. 

Firstly, aquatic environments are complex, varied and dynamic systems, making it 

difficult to ensure that the SS sampling is representative for the whole system spatially 

(Beschta, 1996, Edwards and Glysson, 1999) and temporally (Schindl et al., 2005). As a 

result, inadequate spatial and temporal resolution of monitoring programmes can 

considerably limit knowledge of SS dynamics in the aquatic systems (White, 2008). 

Secondly, owing to the multitude of products available to practitioners to measure and 

monitor SS, it is often difficult to ensure that the data are comparable to other studies or 

other sites, limiting the extrapolation of the research findings. Thirdly, many current 

monitoring programmes often do not provide an adequate temporal scale for the 

collected data as routine monitoring often takes place at regular time intervals, whilst 

the SS transport is highly skewed. The section below compares methods currently used 

for the evaluation of sediments carried in suspension and bed load, focusing on the 

principles and limitations of these approaches. 

 

2.3.1 Direct sampling and laboratory measurements  
 

2.3.1.1 Suspended sediment sampling 
Bottle sampling is the most basic technique of collecting SS from the water column and 

in the UK it also the most commonly used approach (Naden et al., 2003). It involves 
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submerging an open-mouthed bottle into the water column until it is filled by the flow 

of the river. The key difficulty with this method is that the velocity of the water at the 

opening of the bottle might be different from the stream velocity due to turbulence. This 

in turn can result in a sample which is not fully representative of the SS in the stream, 

especially for the sand-sized sediments (Naden et al., 2003). To improve the technique, 

a number of isokinetic samplers, which have the same bottle velocity as the stream, 

have been developed (Figure 2.4). Isokinetic bottles can be used in a depth or point-

integrated sampling regime. They consist of glass or plastic bottles with fin tails to 

orient the nozzle to face the oncoming current. The sampling bottle is designed in a way 

that it should continuously collect a representative sample from the stream column 

which means lowering the sampler until it reaches the streambed and then raising it at a 

constant pace (Edwards and Glysson, 1999). Point integrating isokinetic samplers are 

similar in design to the depth integrating ones, but with an additional trap or valve, 

which can be opened at the required depths. Their main advantage is a capacity to 

acquire horizontal or vertical profiles of SS concentrations within a river cross section. 

The key disadvantages of bottle sampling techniques are: poor temporal resolution, they 

are labour intensive and can only be used in rivers shallower than 5 m to avoid 

compression of air trapped inside the bottles (Gordon et al., 2004) (Table 2.4). 

 

 
 

 

Figure 2.4 Examples of non-isokinetic and isokinetic sampling bottles (Wilde et al., 2014) 
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The second most popular direct method of SS sampling is the use of pump samplers, 

which usually consist of a PVC hose submerged in the channel, a pump and an 

automatic sampler. The samplers can be set to collect water samples at certain times or 

can be triggered by environmental stimuli such as rainfall, or a change in the river stage. 

The key benefit of the pump method is that it can provide a better temporal resolution in 

the SS monitoring programmes (on the condition that there is a constant power source 

available and a lack of debris in the water column which could block the intake nozzle) 

(Naden et al., 2003; Gordon et al., 2004). 

 

The common drawback of both bottle and pump sampling methods, especially in 

countries like the UK where SS concentrations in rivers are considered relatively low, is 

that they generally do not collect enough sediments for analysis of the characteristics of 

the SS. Horowitz (1995) recommends a collection of 1 g of sediments for a statistically 

valid analysis. In order to try to overcome this problem and attain SS samples large 

enough for further analysis, some researchers extract large volumes of water and pass it 

through a portable centrifuge. For example Long et al. (1997) describes collecting 360 

L of river water, centrifuged at the rate of 2 L min-1 during a three-hour period, allowing 

an extraction on average of 2 g of SS. A similar method was used by Owens et al. 

(2001) where 25 L of water was collected from the river channel using a submersible 

pump and the SS recovered by continuous-flow centrifugation. The key disadvantage of 

this technique is the requirement for the relatively heavy equipment and thus limits its 

use to research projects and excludes it from regular monitoring programmes.   

An alternative method of SS sampling that allows a collection of more substantial 

quantities of sediments has been introduced by Phillips et al. (2000) and Schulze et al. 

(2007). It introduces a concept of collecting time-integrated SS samples from the water 

column using isokinetic tubes (Phillips et al., 2000) or sedimentation boxes (Schulze et 

al., 2007) acting as sediment traps. Both types of time-integrated samplers are shown in 

Figure 2.5. The advantage of this technique is the capacity to collect enough SS for the 

analysis of its characteristics (particle size or geochemical composition), as in case of 

the continuous-flow centrifugation method by Long et al. (1997) and Owens et al. 

(2001) but without the need to collect huge amounts of water or the use of heavy 

equipment. Furthermore, a study by Bartsch et al. (1996) which compared the use of 

sediment traps and automated water samplers, showed no significant differences in the 
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particle-size distribution of inorganic solids captured by using each method. It did 

however show significantly less volatile matter content of solids in the sediment traps, 

possibly due to the under-collection of phytoplankton, or decomposition of the organic 

matter in-situ prior to analysis. An overall outline of the most common methods used in 

SS sampling, together with their advantages and limitations is presented in Table 2.4. 

 

 

 

 

Figure 2.5 Time-integrated SS samplers (Phillips et al., 2000, Schulze et al., 2007) 
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Table 2.4 Summary of SS sampling techniques 

 
Summary of technique 
 

 
Advantages 

 
Disadvantages 

 
Bottle sampling:  
Collecting sample from the water 
column by immersing the bottle in the 
stream 

 
Most basic technique; cheap equipment; reusable  
 

 
Poor temporal resolution owing to the manual 
nature of the technique; can be time consuming 
and labour intensive if high number of samples 
involved; does not collect enough SS for 
geochemical analysis; usually used only to 
determine SS concentrations; possible turbulence 
effects at the mouth of the bottle 

 
Depth-integrated isokinetic samplers: 
bottle lowered gradually to the 
riverbed in order to sample the full 
depth of the river 
 
Point-integrated isokinetic samplers: 
bottles with valves to collect samples 
at different depths 
 

 
Velocity at the mouth of the bottle is the same as 
the velocity of the stream; reduced disturbance to 
the flow; a number of samplers available on the 
market 
 

 
Poor temporal resolution owing to the manual 
nature of the technique; can be time consuming 
and labour intensive if high number of samples 
involved; does not collect enough SS for 
geochemical analysis; usually used only to 
determine SS concentrations; limited to use in 
shallower rivers (<5 m) 
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Table 2.4 (cont.) Summary of SS sampling techniques 

 
Summary of technique 
 

 
Advantages 

 
Disadvantages 

 
Pump sampling:  
Automatic sampler consisting of a 
hose, a pump, a collection of sampling 
bottles, usually activated by a change 
in the river flow rate or stage. Can be 
combined with the centrifuge 
technique (field- or lab-based)  

 
Better temporal resolution than bottle sampling 
owing to the reduced requirement for visits; can be 
operated in remote locations 
 
Can collect enough SS for a further analysis 

 
Does not collect enough SS for geochemical 
analysis; usually used only to determine SS 
concentrations; risk of intake nozzle being 
obstructed by debris; requires power source 

 
 
Traps: 
Isokinetic tube deployed within the 
stream channel which allows 
settlement of SS within the trap 

 
 
 
Time-integrated sampling; velocity at the mouth of 
the bottle is the same as the velocity of the stream; 
reduced disturbance to the flow; collected samples 
large enough for further geochemical analysis  
 

 
 
 
Risk of intake nozzle being obstructed by debris; 
Not commercially available therefore limited to 
those who can manufacture their own 
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2.3.1.2 Sediment sampling in benthic substrates 
The main group of instruments used in bedload monitoring include baskets, pans, trays, 

pit samplers and handheld samplers such as the Halley–Smith pressure differential 

sampler (Beschta, 1996) (Figure 2.6). They are designed mainly for characterisation of 

bedload transport through the entrapment of the moving material and ideally should trap 

large and fine sediment particles with the same efficiency. The most suitable and 

popular techniques of sampling fine sediments in aquatic substrates are cores, basket 

traps and freeze coring (Naden et al., 2003). 

Bulk core samplers are very common, especially in the USA, where a variety of 

instruments (ranging from the very basic types consisting of hollow cylinders, through 

to the piston-type samplers) have been developed by the US Geological Survey 

(Edwards and Glysson, 1999). The principle behind all of the instrument designs is 

similar and involves inserting a cylinder into a substratum and retrieving the material 

from inside it. Their main limitation however is possible loss of fine particles during 

core retrieval. 

A similar problem can be observed in the approach using basket traps (Figure 2.6). This 

technique uses containers, pre-filled with gravel of known size and buried in the bed 

surface. It is a method popular especially in infiltration rate studies but can also provide 

samples for geochemical quality analysis. The two main types of baskets commonly 

used by researchers are with either solid or porous walls (Naden et al., 2003). Solid-

walled containers are comparatively easy to install and remove from the bed surface but 

can prevent sediment infiltration by intragravel flow. In contrast, porous walled baskets 

overcome the problem with the particles infiltration but in turn can experience loss of 

fine sediment during removal from the riverbed. Consequently, some attempts have 

been made to overcome this issue by using polythene covers which are buried with the 

basket and pulled up before the removal from the water (Acornley and Sear, 1999, 

Heywood and Walling, 2007, Sear, 1993). A further limitation with both types of trap 

basket is that their deployment and retrieval can be labour intensive and they can have 

high loss rates during storm events. However, once installed they need little 

maintenance (Naden et al., 2003).   
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Figure 2.6 Bedload samplers (Hudson, 1993, Naden et al., 2003) 

 

A third method of sampling fine particles in aquatic substrates, after cores and trap 

baskets, is freeze coring (Figure 2.6). This type of coring uses liquid nitrogen or carbon 

dioxide to freeze interstitial water in the substrate surrounding the probes used in this 

process (Gordon et al., 2004). The technique was developed by Carling and Reader 

(1981) to remove relatively intact cores from the riverbeds and prevents the mixing of 

sediments which often occurs with common corers, and has been used in many 

infiltration studies in fish spawning rivers (Hanrahan et al., 2005, Milan et al., 2000, 

Petts et al., 1989).   

To determine the efficiency of freeze coring, a number of investigations compared it 

with methods such as bulk sampling (Zimmermann et al., 2005) and grab sampling 
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(Petts et al., 1989, Thoms, 1992). The study by Zimmermann et al. (2005) indicated that 

both techniques were biased: freeze coring has been inclined to overestimate coarser 

material (>16 mm), whilst bulk sampling has been prone to underestimate finer 

sediments (< 2 mm), suggesting caution if bulk or freeze-core samples were to be used 

alone. Another study by Thoms (1992) showed that freeze coring was a more accurate 

and precise technique for collecting sub-surface sediments than bulk grab-sampling, 

which underestimated fine sediment component of the collected samples. The study also 

investigated the statistical validity of different freeze coring strategies in order to reduce 

errors in particle size distribution, and recommended a minimum total weight of cores 

to characterise various sites to be between 30 – 50 kg. The main impediment to this 

technique becoming more popular is its destructive nature and the need to remove large 

quantities of sediment. It also requires personnel trained to use liquid nitrogen/carbon 

dioxide, which can be labour intensive and expensive (Naden et al., 2003). 

A further sampling method developed to quantify fine sediments on the surface and in 

the top 5 cm of the river substratum is a disturbance technique proposed by Lambert and 

Walling (1988). The approach entails the use of an open-ended cylinder, placed on the 

riverbed. The fine sediments inside the cylinder are agitated using a metal rod and then 

sampled using a standard bottle sampling method. The method has been used in a 

number of studies investigating deposition, storage and provenance of fine sediments in 

river channels (Collins and Walling, 2007a,b,c). The main drawback of this technique is 

that it is not suitable for deeper rivers as the used cylinders cannot be too high to 

prevent the retrieval of the bottled samples. The technique however is still limited to the 

research community and not standardised or used in any regular monitoring 

programmes. The principles, advantages and limitations of sampling techniques for fine 

sediments found in substrates are shown in Table 2.5. 
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Table 2.5 Summary of sampling techniques for fine particles in benthic substrate 

 
Summary of technique 
 

 
Advantages  

 
Disadvantages 

 
Cores:  
Involves inserting a cylinder into the 
riverbed and retrieving the material 
from inside the core 
 

 
 
Samples can be obtained easily; a number of 
corers of different sizes and designs 
developed and available on the market (e.g. 
McNeil sediment core sampler) 

 
 
Possible loss of fine particles on recovery; can 
be time consuming and labour intensive if high 
number of samples involved  

Basket traps: 
Mesh baskets or solid-walled 
containers filled with gravel of known 
size buried in the streambed 

 
Inexpensive; easy to install and retrieve; need 
little maintenance; often used in infiltration- 
rate studies in fish-spawning habitats  

 
Possible loss of fine particles on recovery; solid-
walled containers can limit the transport of inter-
gravel flow; high rate of trap loss during storm 
events; can be time consuming and labour 
intensive if high number of samples involved 

Freeze coring: 
Liquid N2 or CO2 are used to freeze a 
section of the riverbed to be removed 
as a core 

 
Opportunity to obtain undisturbed cores 
allowing the measurement of grain size at 
different depths; often used in infiltration rate 
studies in fish-spawning habitats 

 
Specialist/expensive equipment; destructive 
technique; retrieved cores can be very heavy;  
special training is required to operate the 
equipment; at least three people needed at the 
site 

Disturbance technique: 
Involves disturbing fine river sediment 
on and near surface of the riverbed (< 5 
cm depth) contained within a large 
cylinder. Disturbed water and sediment 
mixture collected using sample bottles 
or “hovering technique”, operated from 
a boat or river bank 

 
Inexpensive and easy to carry out 

 
No commercially available equipment therefore 
use only limited to the research community; 
more suitable for shallower streams (<30 cm 
depth); uncertainty in the depth of disturbance 
and representativeness of the samples  
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2.3.1.3 Laboratory analysis techniques 
Two gravimetric methods, evaporation and filtration, are effective and long-established 

forms of determining SS in water samples because of their simplicity and lack of 

requirements for elaborate instruments (Naden et al., 2003). 

The most common method of estimating the concentration of SS in water is filtration. 

There are several standard protocols available currently describing the procedure and its 

requirements (BS EN 872: 2005; ISO 11923: 1997). In each instance the general 

method is similar. It involves pre-washing of glass microfiber filters, drying them in the 

oven at 105°C for one hour and recording their weight. After that, the water samples of 

a known volume are filtered through a membrane of a specified pore size. The captured 

SS and the filter papers are then dried again at 105°C for one hour (maximum 16 hours) 

and reweighed. The concentration of the SS is then expressed as a mass of sediment in a 

measured volume of water sample.   

The key factors that should be considered when choosing the appropriate filter types 

are: filtration rates, the pore sizes, filter material, and costs (Gordon et al., 2004). The 

most common filter pore sizes used in determination of SS are 1.2, 0.7, and 0.45 µm 

(Horowitz, 2013), but some studies use pore sizes as small as 0.2 µm (Hilton et al., 

2010) or 0.3 µm (Hélie and Hillaire‐Marcel, 2006) depending on the constituent of 

concern. This variety of different filter papers and pore sizes presents one major 

constraint, which is that the findings and results obtained in such studies are often not 

comparable. This can be particularly important in cases of quality control studies or 

monitoring programmes investigating whether the observed SS concentrations are 

compliant with recommended standards. Furthermore, a study by Horowitz et al. (1996) 

on the concentration of dissolved elements in water samples suggested that other factors 

associated with filtration can generate significant variations in the measurement of these 

elements. These factors are: diameter of the filter paper, manufacturer, volume of the 

processed sample, and the amount of sediment in the sample. Such outcomes suggest 

that any comparative studies or monitoring programmes should therefore aim at 

employing comparable methodologies and devices. 

The other potential limitation of the filtration method is the clogging of filter pores and 

retention of particles smaller than the pore size. High quantities of very fine material 

smaller than the pore sizes can also lead to the loss of the material through the filter 
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resulting in a turbid filtrate (Guy, 1969, Gordon, 2004). In such circumstances, Guy 

(1969) suggests using either absorbing or flocculating agents or re-filtering the filtrate 

on an impregnated filter. Other possible drawbacks in the procedure can include 

particles binding to the filters, particles being forced through the membranes when high 

pressure vacuums are used, and filter disintegration (Droppo and Ongley, 1992). 

The second laboratory technique, evaporation, involves allowing the sediment to settle 

to the bottom of the sample bottle, decanting the liquid, transferring the sediment into 

an evaporating dish and drying it in the oven (Guy, 1969). The technique is less labour 

intensive than the filtration method and it works best for coarser sediments or sediments 

which flocculate e.g. clays. Its key limitation however is the time it might take for these 

particles to settle. In such case, a flocculation agent might be added to speed up the 

process. Use of a flocculation agent is not recommended in samples with a low 

concentration of SS, due to the increased risk of error in the estimation of the amount of 

flocculants. The other drawback of the evaporation technique is that, when it is used for 

samples with very small concentration levels of SS, the analytical instruments might not 

be able to detect subtle changes in the evaporated material (Guy, 1969). The 

evaporation method might also be problematic in streams with high salt-mineral content 

as it determines not only the suspended solids but also dissolved solids, introducing a 

positive bias in the obtained results (Gordon et al., 2004). In such cases direct 

comparisons of SS concentrations obtained from the evaporation and filtration 

technique may not be possible.  

 

2.3.2 Surrogate methods  

Direct measurements of SS described in section 2.3.1 are generally considered 

potentially expensive and labour intensive (Naden et al., 2003). They also carry a great 

risk of missing out important long-term sediment fluxes and trends if samples are not 

collected frequently enough, especially when the biggest changes in SS dynamics and 

transport occur during storm events. Hence, in the last few decades, there has been a 

great drive amongst research communities to technologically advance surrogate SS 

monitoring techniques. These include in-situ optical and acoustic approaches (Wren et 

al., 2000) as well as remote sensing methods. 
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2.3.2.1 In-situ methods 
 

Bulk optical technologies 

Optical sensors used in aquatic environments use water turbidity (defined as an optical 

property of water that causes light to be scattered or adsorbed and is caused by the 

presence of suspended matter in the water column) as a surrogate measurement for SS 

(Anderson, 2004). This principle is a foundation of all optical sensors which can be 

divided into two groups: optical backscatters (OBS), sometimes called nephelometers, 

and optical transmission sensors (Gray and Glysson, 2003). 

In optical backscatter sensors, visible or infrared light is directed into the water column 

with a part of the light backscattered from the particles present there. The instruments 

are calibrated against known particle concentrations and the strength of the 

backscattered signal is then used to estimate the SS concentration (Wren et al., 2000). 

The main advantage of such instruments is their suitability for long-term and remote 

deployments and generally nearly linear response to varying concentrations of 

sediments with uniform particle sizes (Black and Rosenberg, 1994). Nearly linear 

correlations of turbidity and total SS can be observed in a number of laboratory 

experiments on homogenous samples, e.g. by Holliday et al. (2003) and Baker et al. 

(2001) (Table 2.6).  

 

Table 2.6 Correlation between turbidity and SS in laboratory tests 

Particle sizes Coefficient of 
determination R2 

Range of SS 
(mg L-1) 

Source 

1.47μm Clay 
5.1μm Clay 
15.9μm Clay 
22.9μm Clay 
28.6μm Clay 

0.99 
0.98 
0.99 
0.99 
0.99 

0–35 
0–35 
0–35 
0–35 
0–35 

 

Baker et al. (2001) 

Clay 
Silt + Clay 
Whole Soil 
 

0.9996 
0.9991 
0.9987 

 

0–1,000 
0–1,000 
0–1,000 

Holliday et al. 
(2003) 
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Slightly weaker linear relationships can be observed in some field studies such as in the 

River Humber, where the regression coefficient, r, varied between 0.827 and 0.917 in 

different sampling locations (Wass and Leeks, 1999). 

There are however a number of concerns in the application of backscatter turbidity 

meters, especially in field studies, primarily because of the large variability in the signal 

caused by factors other than SS (Riley, 1998). It has been reported that in many cases, 

turbidity instruments of different designs do not deliver identical or equivalent results 

because of the array of factors that contribute to and have an effect on turbidity 

(Anderson, 2005). These factors include: particle size, density, colour of dissolved and 

SS, air bubbles, as well as biofouling or damage to the optical sensors (Anderson, 2005, 

Clifford et al., 1995, Riley, 1998). Table 2.7 summarises properties of water and other 

interferences which can have an effect on turbidity measurements. 

 

Table 2.7 Most common interferences in water turbidity measurements  

 
Factors controlling 
turbidity measurements 

 
Effect on the measurement 

 
Bias of the 

measurement 
 

Particle sizes: 
Large 
 
Small 

 
Scatter long light wavelengths 
more easily than small particles 
Scatter short light wavelengths 
more easily than long particles 
 

 
Positive 
 
Positive 

Coloured particles Absorption of light waves Negative 
 

Coloured dissolved matter Absorption of light waves Negative 
 

Air bubbles Apparent increase in light scatter Positive 
 

Stray light Apparent increase in light scatter Negative 
 

Bio fouling or mechanical 
damage of optical sensors 

Light beam blockage; 
Scratches 

Negative 
Positive 
 

Source: Anderson (2005) 
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Even though there are many instruments available on the market which have been 

designed to counteract the effect of interference, the direct comparison of collected raw 

data from differently designed instruments is often impossible as turbidity 

measurements from them can differ by factors of two or more for the same water 

sample (Anderson, 2005, Gray and Glysson, 2003). 

The second group of instruments using turbidity as a surrogate measure of SS are 

optical transmission sensors. In optical transmission instruments, sediments present in 

the water absorb and/or scatter a portion of the light directed into the water column 

(Wren et al., 2000). The attenuation of the light beam is determined by the sensor 

positioned opposite the light-emitting source. As in the case of the optical backscatter 

instruments, the SS concentrations can be determined from instrument readings, using 

correlation equations obtained from known sediment concentrations and turbidity 

measurements. Optical transmission instruments suffer from the same limitations as the 

backscatter instruments.  

 

Laser diffraction and reflectance 

Laser diffraction instruments were originally designed for the determination of particle 

size distribution in laboratory or marine environments and their application to measure 

SS in fluvial systems is a relatively recent development (Gray and Gartner, 2010). They 

utilise Mie scattering theory, which suggests that the scattering at small forward angles 

is similar to the diffraction by spherical particles through an aperture of equal size.  

To determine SS concentrations, a laser beam is transmitted into a water column where 

it is absorbed, reflected or scattered by the particles present there (Wren et al., 2000).   

A sensor detecting the scattered laser light measures the angles of the beams, which are 

then converted, using the Mie theory, into particle size distribution. A calculation of SS 

concentration is carried out using the manufacturer’s software. Currently these types of 

optical devices are produced by one company, Sequoia Scientific, Inc. (Figure 2.7) 

(Gray and Gartner, 2010). The main advantage of the laser diffraction instruments is 

that they are largely unaffected by particle composition (Agrawal and Pottsmith, 2000) 

and colour (Gray and Gartner, 2010).  
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Figure 2.7 Laser diffraction instruments (Sequoia Scientific, 2014)  

 

Reported disadvantages of these instruments include the assumption that the particles 

present in the water sample are spherical. Droppo et al. (2006) implied that as the light 

diffraction occurs on all axes of the particles, it might be the diffraction on the longest 

axis which makes an unbalanced contribution to the mathematical interpretation of the 

results. This consequently can lead to deficient estimation of SS concentrations and 

particle size distribution in conditions where particles of various shapes are present. For 

example in a study by Williams et al. (2007) in the river Exe, particle size values 

obtained with the laser diffraction instrument (LISST-100) were higher than the results 

from previous studies in the same location using different instruments. It was therefore 

suggested that this over estimation was caused by the multiple scattering detected by the 

laser instrument technique used. 

Another concern in the application of laser diffraction instruments is their operational 

turbidity threshold. Agrawal and Pottsmith (2000) reported that particle size distribution 

shows bias toward the smaller sizes in the presence of high SS concentrations when the 

optical transmission was reduced to 30%. Williams et al. (2007) claimed problems with 

data collection when the minimum optical transmission threshold of 15% was reached. 

However, in a different instance when the threshold was even lower, there were no 

problems with the performance of the laser instrument. Consequently the authors 

suggested that different levels of dissolved organic matter might have been the possible 

cause of the problems with the instrument efficiency. A further limiting factor in the 

application of laser diffraction instruments is also their particle size range. Instruments 
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currently available on the market operate within certain particle sizes ranges, e.g. 1.25-

500 µm (LISST-ST), 2.5-500 µm (LISST-25X) or 1.25-250 µm and 2.5-500 µm 

(LISST-100X) (Sequoia Scientific, 2014), limiting their applications to particle 

conditions outside those boundaries.    

A second group of focus beam instruments utilise a laser reflectance (backscatter) 

principle. In this instance, the laser beam encounters SS particles that reflect a portion of 

the beam and the time of this reflection event is used to determine the the size of these 

particles (Naden et al., 2003). The major benefit of this technology is that the 

concentration measurement does not depend on particle sizes (Phillips and Walling, 

1995). In addition, instruments can operate in conditions with a very broad particle 

range between 1-1000 µm, as well as wide SS concentration ranges (10 -5000 mg L-1) 

(Wren et al., 2000). The key weakness however, is that the device works poorly where 

there is a high presence of particles with little or no reflectance (e.g. rich in organic 

matter). The method also, as in the case of laser diffractors, is based on the assumption 

that particles are spherical in shape, which in practice in not the case (Law et al., 1997, 

Naden et al., 2003). 

 

Acoustic technologies 

As in the case of optical instruments, acoustic technologies similarly use the principle of 

signal attenuation and backscatter in the determination of SS concentration (Holdaway 

et al., 1999, Thorne and Hardcastle, 1997). The instruments employing this principle 

that are commonly used can be classified into two groups: acoustic backscatter systems 

(ABS) and acoustic Doppler current profilers (ADCPs) and are mostly applicable in the 

marine environments or large estuaries (Thorne et al., 1991, Thorne and Hardcastle, 

1997, Holdaway et al., 1999, Thorne and Hanes, 2002). The main strength of the 

acoustic technologies is their non-intrusive nature. 

The first group (ABS) employs a pulse of a high frequency sound (1-5 MHz) fired in 

short bursts from a sound source. As the sound is transmitted, particles suspended in 

water backscatter some of the acoustic energy back to the transducer (Thorne and 

Hanes, 2002). The strength of the backscattered signal is related to the sediment 

concentration and size. To find a relationship between the backscatter intensity and the 

particle sizes, a laboratory calibration is necessary. A review of this approach by Thorne 
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and Hanes (2002) found that the method can be very successful in the determination of 

SS concentration of mainly homogeneous non-cohesive sediments in the marine 

environments. Equally, a study by Hamilton et al. (1998) demonstrated that the ABS 

instruments can also successfully obtain estimates of concentration profiles for cohesive 

SS sediments in the estuarine environments. Further comparison studies between optical 

and acoustic backscatter instruments by Hay and Sheng (1992), Osborne et al. (1994), 

and Gartner (2004) showed that estimates of SS concentrations (consisting of cohesive 

and non-cohesive sediments) correspond with each other within approximately 10%. 

Evaluations of SS concentrations estimated from acoustic backscatter with SS 

concentrations determined from water samples have been shown to agree on average 

between 10-20% (Hay and Sheng, 1992, Thorne et al., 1991). Nevertheless, the use of 

the acoustic backscatters devices is still relatively restricted to marine environments and 

one of their main drawbacks is the need for very complex inversion algorithms to 

convert the backscattered signals to sediment parameters (Thorne and Hardcastle, 

1997). 

 

The second group of acoustic instruments used to investigate the SS concentrations are 

acoustic Doppler current profilers (ADCPs). The key difference between the first group 

of instruments and the acoustic Doppler current profilers is that the latter use 

logarithmic equations instead of linear ones to mathematically invert backscattered 

signal to particle size distribution and SS concentration (Gray and Gartner, 2010) and 

measure the current velocity which can be used to investigate sediment transport and 

dynamics (Ha et al., 2011). Traditionally ADCPs were used to ascertain current 

velocities by using the Doppler shift of the backscattered acoustic signal (Wren et al., 

2000). More recent studies however turned their focus to employing ADCPs as a 

method of determination of SS concentrations (Gray and Gartner, 2010). They owe their 

growing popularity to their non-invasive approach and fewer problems with biofouling 

when compared with optical technologies.  

So far though the application of ADCPs as a proxy measurement of SS concentrations 

and distribution has been focused mainly, as in case of the acoustic backscatter systems, 

on marine environments (Hoitink and Hoekstra, 2005), estuaries (Gartner, 2004, Wall et 

al., 2008), large rivers (Gartner, 2004, Holdaway et al., 1999, Reichel and Nachtnebel, 

1994, Shugar et al., 2010), or laboratory settings (Ha et al., 2011). Two of the reported 
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drawbacks of this approach include: (1) conversion of the signal intensity to mass 

concentrations is a complex process, requiring empirical calibrations; (2) such 

calibrations must take into account properties of ambient water, such as salinity, 

temperature, pressure and suspended material (Gartner, 2004). This information is 

necessary to compensate for acoustic signal transmission losses from the water and 

attenuation from suspended particles in the water.  

 

2.3.2.2 Remote sensing 

Remote sensing is a term used to describe the measurement or acquirement of 

information by an instrument that is not in physical contact with the studied object 

(Gordon et al., 2004) and refers to either aerial or satellite imagery. Remote sensing is 

particularly useful in the investigations of large areas that are difficult to access as well 

as a tool to record environmental changes over time (Gilvear and Bryant, 2003).  

Prior to the 1970s and the introduction of satellite sensors, aerial photography was the 

major tool in geomorphological mapping (Barrett, 2013). However, due to its inability 

to obtain high-resolution data it was not applicable for studying SS in aquatic 

environments. Since then, however, due to the development of digital photography, 

there has been an increasing interest in using aerial photography as a tool for monitoring 

SS in these environments (Mehrtens et al., 2009, Mehrtens et al., 2007). The most 

common applications of aerial photography are: mapping of water turbidity, SS 

concentrations and bed material (Butler et al., 2001) or as a tool in the investigations of 

sediment storage changes in large rivers over time. For example, aerial images of the 

Arkansas River revealed a significant decrease in river’s sediment storage in the form of 

mid-channel and meander bars between 1950 and 2010 as a result of the construction of 

the Keystone Dam (Lewis and County, 2011). 

Even though there have been great development in photographic instruments in recent 

years, there are still some major limitations of this approach in estimating sediment 

data. These include: the need for adequate calibration with the data collected “on 

location” in order to avoid interferences such as atmospheric conditions, shadow or 

surface water roughness (Gilvear and Bryant, 2003); measurement errors due to the tilt 

of an aircraft; deformation of the image near the edges caused by the lens system; and 

the quality of images, which depends on the type of the camera, film and aircraft used 
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(Gordon et al., 2004). Other constraints include: the costs of the flights; problem with 

the reflection from the water surface; a requirement for suitable weather conditions and 

the need for a constant altitude of the plane during the flight in order to avoid the 

influence of atmospheric scattering (Gordon et al., 2004). 

Another type of remote sensing used in monitoring and studying changes in the aquatic 

environments is satellite imagery (Gilvear and Bryant, 2003, Gordon et al., 2004). 

Satellite images from radiation sensors can be collected utilising two approaches: (1) 

active, where electromagnetic radiation is emitted and the reflected signal detected by a 

sensor; and (2) passive, where sensors detect a natural backscatter radiation, within a 

specific wavelength range (usually infrared or visual) reflected from the surface of the 

object. Active Sensing Systems operate by sending out long wavelengths and recording 

reflected signals. Although they cope much better in conditions with high cloud cover 

than the passive systems, they are a much less popular choice due to their high 

operational costs (Barrett, 2013). 

Passive systems are commonly associated with satellite systems such as Landsat, which 

has been widely used since the 1970s. Historically satellite sensing systems focused on 

oceanic regions due to their spatial resolution (Barrett, 2013, Mehrtens et al., 2007, 

Ritchie and Schiebe, 2000). This has since changed and satellite imagery analysis has 

become more popular in projects focusing on coastal regions, estuaries and inland lakes 

(Chen et al., 2009, Ritchie et al., 1990). It is has also become an accepted method in 

examining SS dynamics and transport in coastal environments (Miller and McKee, 

2004, Ruhl et al., 2001).  

The working principle behind the detection of SS in the water column is its reflection of 

solar radiation (Mehrtens et al., 2007, Ritchie et al., 1990). For instance, Ritchie et al. 

(1976) established a curvilinear relationship between SS and radiance but that 

relationship applied only to concentrations in range of 0-200 mg L-1. Ritchie and Zimba 

(2006) expanded these finding and suggested that reflectance from almost any 

wavelength should be linearly related to SS concentrations in the range 0-50 mg L-1, 

whilst in the case of SS concentrations between 50 to 150 mg L-1 or higher, the 

relationship should become curvilinear.  

However, the application of satellite imagery in SS concentration estimations is still 

relatively problematic, especially in smaller water bodies such as rivers and lakes. This 



[52] 
 

is mainly related to: (1) satellites’ ground resolution, which can range between 15-30 m 

for the Landsat sensors, 175 m for Multispectral Medium Resolution Scanner MMRS or 

300 m for Medium Resolution Imaging Spectrometer MERIS (ESA, 2012, USGS, 

2014); (2) difficulties with ‘ground truthing’ (Gemein et al., 2006); (3) inability to 

provide meaningful data without ground studies and very complex satellite data 

processing; and (4) limited temporal resolution of the obtained data (e.g. 16 days’ return 

time for Landsat8) (USGS, 2014). Figure 2.8 shows an example of the satellite images 

capturing an influx of SS from the Susquehanna River entering into the Chesapeake Bay 

as a result of Tropical Storm Lee passing over the area on 11/09/2011 (NASA, 2011). 

The images were recorded by the Moderate-resolution Imaging Spectroradiometer 

(MODIS) on board of Terra and Aqua satellite on 23/08/2011(A); 30/08/2011(B) and 

13/09/2011 (C). 
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Figure 2.8 Influx of SS from the Susquehanna River entering into the Chesapeake Bay (NASA, 2011)  

  

A 

B 
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2.4 Guidelines for suspended sediments  

As discussed in section 2.2, SS can cause physical, chemical and biological 

modifications in freshwater environments. In recent times, as the SS’s damaging effects 

on aquatic environments have been widely acknowledged by water managers and 

research communities, some countries and their governing bodies have introduced water 

quality guidelines for SS (sometimes also expressed as turbidity metrics) in order to 

protect these ecosystems from such effects. Examples of some of these international 

standards are shown in Table 2.8. 

 

2.4.1 Water Framework Directive  

In Europe and the UK the main legislation responsible for protection and management 

of freshwater resources is the EU Water Framework Directive (WFD) introduced in 

2000 as a part of over 500 EU environmental directives, regulations and laws (Jordan, 

2005). It improves the previous legislation through the introduction of planning and 

management based upon the river basin, the use of ecological as well as chemical 

standards and objectives, and the integrated approach to the management of surface 

water and groundwater quality as well as quantity (Crane, 2003).   

The main objectives of the WFD are: (1) to promote sustainable use of water resources 

by preventing further deterioration; (2) to restore/improve the quality of surface water; 

and (3) to provide their long-term protection (Pollard and Huxham, 1998). The central 

aim of the WFD is to achieve ‘good water-body status’ (assessed on quality elements 

such as biological, physiochemical and morphological) by 2015. The deadline for 

achieving ‘good water-body status’ can be extended to 2021 or 2027 if there are 

technical or economic reasons to support such decision (EC, 2014b). The issue of 

restoring water bodies and their quality is particularly urgent in England where only 

27% of the water bodies are currently classified as being in ‘good status’ (EA, 2014). 
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Table 2.8 Examples of water quality guidelines for SS and turbidity in surface waters in Australia and New Zealand, Canada and United States 

 
Organisation 
 

 
Policy 

 

 
Countries 

 
Guideline 

 
 
 
 
Australian and New 
Zealand Environment 
and Conservation 
Council (ANZECC),  
Agriculture and 
Resource Management 
Council of Australia 
and New Zealand 

 
 
 
 
Australian and New 
Zealand Guidelines for 
Fresh and Marine 
Water Quality (2000) 

 
 

 
Turbidity (NTU) 

Upland rivers Lowland rivers Lakes & 
reservoirs 

South-east Australia 2-25 6-50 1-20 
Tropical Australia 2-15 2-15 2-200 
South-west Australia 10-20 10-20 10-100 
South-central Australia 
– low rainfall areas 

1-50 1-50 1-100 

 
 
 
 
European Union 

 
 
 
 
EU Fisheries Directive 
(78/659/EEC and 
2006/44/EC) 
 

 
 
 
 
EU member states 

 
Suspended sediments (mg L-1) 

 
 
25 mg L-1 in waters suitable for both salmonid and cyprinid fish populations 
(apart from “exceptional weather or special geographic condition”) 
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Table 2.8 (cont.) Examples of water quality guidelines for SS and turbidity in surface waters in Australia and New Zealand, Canada and United States 

 
Organisation 
 

 
Policy 

 

 
Countries 

 
Guideline 

 
 
 
Canadian Council of 
Ministers of the 
Environment (CCME, 
2002) 

 
 
 
Canadian Water 
Quality Guidelines for 
the Protection of 
Aquatic Life  

 
 
 
Canada 

 
Suspended sediments (mg L-1) 

 
Clear flow: 
“Maximum increase of 25 mg L-1 from 
background levels for any short-term 
exposure (e.g. 24 h period). Maximum 
average increase of 5 mg L-1 from 
background levels for longer term 
exposures (e.g. inputs lasting between 24 
h and 30 d)” 
 
 

High flow: 
“Maximum increase of 25 mg L-1 
from background levels at any time 
when background levels are between 
25 and 250 mg L-1. Should not 
increase more than 10% of 
background levels when background 
is >250 mg L-1” 

 
United States 
Environment 
Protection Agency  
(US EPA, 2012) 
 

 
Quality Criteria for 
Water (1986) 

 
United States 

 
Suspended and settleable solids should not reduce the depth of light penetration 
by more than 10%. 
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However, despite this more advanced and inclusive approach to resource management, 

some aspects of the new legislation seem to be following established but limited 

guidelines for some of the water quality parametes. This appears to be the case with the 

guidelines and the monitoring of SS (Naden et al., 2004, White, 2008). 

Before the introduction of the WFD, the directive that regulated the quantities of SS was 

the EC Freshwater Fish Directive (78/659/EEC and 2006/44/EC), which stated that 

average concentration of SS in salmonid and cyprinid waters should not exceed 25 mg 

L-1 apart from “exceptional weather or special geographic condition” (EC, 2006). With 

such a broad definition, it is obvious that the guideline is insufficient to recognise the 

differences between the ecosystem types that exist in the UK or Europe and the factors 

that control them (White, 2008). Furthermore it is clear that such a huge range of 

ecosystems must support markedly different and distinct biotic communities (Bilotta 

and Brazier, 2008), which might require different SS conditions to maintain biological 

integrity and functioning. However, without an accurate knowledge and understanding 

of the SS natural condition and qualities, the execution and the accomplishment of the 

WFD aims of protecting surface waters and their restoration to good status might be 

challenging or in some cases unattainable.  

 

2.4.2 Reference condition concept  

As mentioned in section 2.4.1, one of the key requirements of the WFD is to maintain or 

return aquatic ecosystems to good ecological status defined as slightly different from 

the pristine or reference state (Battarbee et al., 2008). In the WFD, the reference 

condition is also called ‘high status’ implying “with no or very low human pressures” in 

terms of their biological, chemical and morphological characteristics (EC, 2014a). 

Effectively, the reference condition can be treated as a benchmark and the best status 

achievable.  

Similar terms are used by other environmental policies and management plans around 

the world. For instance in the US the aim of surface waters management is to maintain 

or recover the biological integrity of the ecosystem defined as able to support and 

maintain a balanced, integrated community of organisms, that have a composition, 

diversity and functional organisation comparable to that of a ‘natural habitat of a region’ 

(Angermeier and Karr, 1996).  
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Whilst the concept of the reference state is simple and appealing, defining it in more 

detail can be problematic. The first issue is the recognition that it is a dynamic and not a 

static status that varies naturally on short (inter-annual and decadal) and long 

(centennial and millennial) time scales and is characterised by its physical and 

biological conditions as well as by the interactions between them (Bennion et al., 2011). 

Secondly it has to be determined what such conditions are and how they vary between 

different types of ecosystems (EC, 2014a). In order to define the reference condition, a 

range of techniques can be used either individually or collectively (Wallin et al., 2003). 

These methods are: paleo-reconstruction, historical data, survey data, expert judgment 

(as suggested in the Annex II [1.3] of the WFD), or biological effects data (Battarbee et 

al., 2008, Hart et al., 1999, Whitmore and Riedinger-Whitmore, 2014, Wallin et al., 

2003, Stoddard et al., 2006). The quality and effectiveness of these approaches depends 

on the ecotype resolution they are based on, and the rigour of sampling (Battarbee et al., 

2008). Attained evidence and knowledge can then be used to set or improve the 

guidelines and targets for restoration to good ecological status and for healthy 

functioning of the given ecosystems.   

 

2.4.3 Methods for establishing reference condition  
 

Historical data and paleolimnology 

One of the methods used in recent years to provide evidence about human-influenced 

changes in freshwater ecosystems, and for defining reference condition and restoration 

targets for fluvially transported SS, is paleolimnology (Foster et al., 2011, Foster et al., 

1986, Foster and Lees, 1999, Foster and Walling, 1994, Rose et al., 2011, Whitmore 

and Riedinger-Whitmore, 2014). Paleolimnology is often used to reconstruct 

environmental conditions such as temperature (Velle et al., 2010), acidity (Battarbee et 

al., 2011, Battarbee et al., 1996) as well as the concentration of heavy metals (Bindler et 

al., 2011, Rippey and Charles, 1990), nutrients (Bennion and Simpson, 2011) and 

organic carbon (Cunningham et al., 2011, Monteith et al., 2007). It can also be used to 

provide information about past food-web structures, predator-prey dynamics and 

community structure for invertebrates, fish or macrophytes (Alexander and Hotchkiss, 

2010, Labaj et al., 2013, Sayer et al., 2010). Furthermore, lake and reservoir bottom 

sediments can offer an important source of proxy data about sediment yields, 
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accumulation rates and quality (Foster, 1995). Paleo-reconstruction approach is also 

often used to validate other approaches if the environmental conditions are stable 

(Wallin et al., 2003). 

The biggest challenges of paleoenvironmental reconstruction are: (1) certainty that 

observed changes are the results of human activities and not natural processes; and (2) 

determining those points in time when sediment yields or accumulation rates can be 

considered as reference/natural or undisturbed (Bennion et al., 2011). For example, a 

time of undisturbed conditions would be dissimilar in different geographical regions as 

well as dissimilar for different environmental parameters (e.g. heavy metals or 

sediments). As a result, pre-disturbance conditions have been suggested to be: prior to 

modern industrialisation or as far back as Roman times (Bindler et al., 2011, Martínez 

Cortizas et al., 2013, Pennington, 1978). In the UK, the studies of sediment deposits in 

lakes and reservoirs indicate a vast increase in the SS yields since 1945 (Foster, 1995, 

Foster and Walling, 1994), but the changes can be observed also a lot earlier (Foster et 

al., 1986). Whilst the dispute about the exact time period the ecosystems should be 

restored to is valid and important, the matter of setting achievable and realistic targets 

should also be considered (Apitz et al., 2006). As the climate and land use have 

changed over time, restoration to more recent conditions might be more realistic to 

water managers than restoration to the conditions of much earlier periods (Bennion et 

al., 2011). Such decisions can be justified not only by the economic costs of restoration 

projects but also by the ecological reversibility of the systems.  

Other drawbacks of paleolimnological methods are: (1) they are usually site- and 

organism-specific therefore may not be suitable for establishing region-specific targets 

(Wallin et al., 2003); (2) their focus is mainly on the mineral fraction (minerogenic) of 

the deposited material (Foster et al., 2011), which disregards the role of organic material 

in the functioning of the studied ecosystems; (3) they can have limited spatial 

distribution (e.g. in the UK majority of sites are situated in the North) (Foster, 1995, 

Foster et al., 2011); (4) ecological communities found in the past and their structures 

might be different to what they are now as a result of the natural processes; (5) they are 

temporally limited and commonly report sediment yields and accumulation rates (t km-2 

year-1) (Foster et al., 1986) therefore do not provide information about the 

concentrations, and or the frequency or duration of events - aspects that are important 

determinants of biological impact; (6) they assume that the controls on the proportion of 
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deposited material have remained the same over time; and (7) a large number of 

sediment cores is required to achieve an adequate representation of the investigated lake 

or region conditions, and this can be expensive and time consuming (Bindler et al., 

2011, Renberg et al., 1994, Swain et al., 1992, Yang et al., 2002). 

 

Expert knowledge/judgement 

Expert knowledge is one of the methods suggested by the WFD to be used in 

establishing the reference condition for water bodies. Expert judgement commonly 

consists of a narrative qualitative or semi-quantitative statement of the expected 

reference condition (Wallin et al., 2003). Although not always fully quantifiable, a 

professional judgment can offer valid knowledge about expected conditions for a given 

ecosystem. The use of professional judgement can be particularly useful in areas or 

regions lacking in any pre-industrial historical data (Bald et al., 2005, Muxika et al., 

2007). The strengths of this approach are: possibility of extrapolating outcomes from 

one quality element to another or extrapolating dose-response relationships to those in 

undisturbed ecosystems (Wallin et al., 2003). A number of studies have been conducted 

using expert judgement to choose undisturbed sites and to evaluate the method against 

others suggested by the WFD (Bald et al., 2005, Borja et al., 2009, Borja et al., 2007, 

Muxika et al., 2007). The inherent weaknesses associated with this method are possible 

personal bias and subjectivity as well as lack of clarity or transparency in the decision 

process. On account of these concerns, Stoddard et al. (2006) suggests corroboration by 

other experts with comparable experience, documentation of the rules/decision taken 

and description of how the expert came to their conclusion. Whilst some studies show 

that results obtained by expert judgement are similar to those of other methodologies 

(Muxika et al., 2007, Borja et al., 2009), others revealed its relatively poor 

performance. For instance the study by Leira et al. (2006) showed that out of 35 

candidate reference lakes (CRL) nominated by the Irish Environmental Protection 

Agency, 68% of the lakes showed biologically important deviation from the reference 

condition, with acidification and nutrient enrichment being the main causes of change. 

A further constraint of this approach (as well as others) is that the obtained measures are 

often static and do not recognise the inherent variability of natural ecosystems. As a 

result of those limitations, many authors do not advocate the sole use of this method and 
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only recommend its use in combination with the other techniques (Borja et al., 2004, 

Wallin et al., 2003).   

 

Reference condition data approach 

Wallin et al. (2003) advocate reference condition data (also called the survey-based 

approach) as the most direct and simple method for establishing reference condition. 

The biggest asset of this approach is that it can be designed to include spatial and 

temporal variability of the sites to ensure adequate representation of distinctive 

ecosystem types (Hart et al., 1999, Wallin et al., 2003, Pollard and Huxham, 1998). 

Once the minimally disturbed or ‘reference’ sites are selected (often by expert 

knowledge), the survey data can provide evidence about the environmental 

characteristics of those sites and the communities observed there. The approach 

involves testing an ecosystem subjected to a possible stress against a reference 

condition ecosystem that is not exposed to such pressure. A model is then developed 

where a number of reference sites are tested, and the variation amongst their 

communities represents the range of acceptable conditions (Bailey et al., 1998). The 

extent to which a new site falls outside the range expected to be representative of the 

reference sites indicates the level of the site’s decline. The example of this method is the 

RIVPACS IV database used in this thesis and described in more detail in Chapter 3. 

Some of the potential limitations of this approach are the need for sufficient resources to 

obtain the essential information to gather spatially extensive data sets; and infrequent, 

low-resolution sampling/surveying programmes can influence the temporal resolution 

of the data (Reynoldson et al., 1997, Wallin et al., 2003).  

 

Biological effect data 

Although the biological data approach is not listed in Annex II (1.3) of the WFD as one 

of the suggested methods for establishing reference condition, some authors propose its 

use to help assess the severity of a given stressor on an ecosystem (Hart et al., 1999). 

Reference levels (referred to as low-risk trigger levels) are concentrations (or loads) of 

environmental stressors below which there is a low risk of harmful biological effects. 

The most common method of obtaining the biological effect data is through toxicity 

testing (Hart et al., 1999). The examples and effects of SS on aquatic organisms are 
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well documented (Bilotta and Brazier, 2008, Jones et al., 2014, Jones et al., 2012a,b, 

Kemp et al., 2011), and examples are presented in section 2.2.2. The major limitations 

of the biological effect approach include: (i) the biological experiments are often 

conducted on individual organisms (or single species) and are often limited to 

laboratory, microcosm and flume settings; thus omitting the effects of important trophic 

interactions; (ii) the studies often use artificial SS particles (e.g. quartz grains) to 

simulate different concentrations of SS, yet it is now known that the SS particle-size 

distribution and particle geochemistry are important determinants of SS biological 

effects; and (iii) the research is often conducted using unrealistic exposures of SS, both 

in terms of the duration of exposure and the concentration of exposure (normally very 

high concentrations for prolonged periods in order to elucidate a biological response) 

(Bilotta and Brazier, 2008, Collins et al., 2011). 

Furthermore there seems to be a biased focus of the biological studies towards fish 

species, especially salmonids, mainly because of their economic value (Chapman et al., 

2014, Kemp et al., 2011). As a result many existing targets and guidelines for sediment 

quantities and management are based on this specific aquatic group of organisms but 

overlook other groups in the fluvial ecosystem (Collins et al., 2011). As a result of these 

concerns, in-situ ecosystem-based testing of sediment-biota relations is becoming more 

common and is considered to be more realistic than laboratory experiments (Hallare et 

al., 2011).  

 

2.5 Review conclusion  

Suspended sediment has the potential to cause severe physical, chemical and biological 

alterations to freshwater ecosystems, leading to a loss of ecosystem services. 

Controlling and managing the quality and quantity of SS is one of the major challenges 

facing environmental managers and governing agencies responsible for managing water 

resources, whose role is to protect and enhance the water environments, through the 

implementation of national or international legislation such as Water Framework 

Directive (EU) and Clean Water Act (USA). However at present there is a poor 

understanding of the SS conditions that water quality managers should aim to achieve in 

order to support good ecological status in contrasting environments.  
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This literature review has highlighted that the geomorphological research emphasis with 

regards to SS has been to monitor sites that have been impacted significantly by human 

activities or are highly erosive landscapes owing to natural phenomena such as glaciers 

or tectonic activity. The biological research emphasis with regards to SS has focused on 

the biological responses of individual species or a few species at a time in laboratory 

microcosms and mesocosms. Whilst these research approaches have improved our 

understanding of relative risk of pollution from different human land-uses, and the 

different mechanisms through which SS affects freshwater organisms, there is still a 

lack of understanding of what the natural or background SS regimes are in healthy and 

relatively undisturbed ecosystems, and how the composition of the SS varies over time 

within these systems depending on the natural environmental characteristics of the 

river’s catchment. It is essential that we understand these factors if we are to be able to 

identify the extent to which a site’s SS regime has been altered by human activities, and 

if we are to be able to restore sites in poor condition back to good ecological status. 

The review of existing field methods used to determine and monitor SS in aquatic 

environments has revealed a multitude of approaches ranging from direct sampling 

methods (e.g. bottle sampling) to remote sensing techniques such as aerial and satellite 

images. The review has also shown a growing importance of surrogate methods of 

monitoring SS, which have great potential for advancing knowledge on temporal 

variations of this water quality parameter in different and remote environments over 

long periods of time. The review however, has also revealed various limitations of those 

methods. Furthermore it has highlighted technical inconsistencies in monitoring 

strategies (such as varying filter pore sizes and use of instruments with different 

operating principles) limiting the use of that data in comparative studies, which in the 

situation of meeting water quality standards is a particularly important feature. There is 

a fundamental need to establish standardised biologically meaningful approaches and 

consistent monitoring and assessment programmes for SS. 
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3. Chapter Three: Water quality guidelines for 
suspended sediment – evidence from historical data in 
contrasting RIVPACS reference-condition freshwater 
ecosystems 
 

Part of the content of Chapter 3 is published in Water Research (2012) 46, p.2324-2332. 

 

3.1 Introduction  

As discussed in Chapter 2, SS is a natural part of the fluvial system but can also cause 

physical, chemical and biological modifications in those environments. An increasing 

rate of deterioration of the aquatic ecosystem caused by SS has been observed by the 

research community and water managers in the last 20-25 years (Hallare et al., 2011).  

As a result of these damaging effects some countries and their governing bodies have 

introduced water quality guidelines that stipulate recommended concentrations of SS 

(sometimes also expressed as turbidity metrics). Examples of these international 

standards are shown in Table 2.8 in Chapter 2. 

As already stated in Chapter 2, in the case of the European Union (EU) member states, 

with the UK amongst them, the current guideline for SS (defined as suspended solids) 

encompassed in the EU Freshwater Fisheries Directive (FFD) (78/659/EEC and 

2006/44/EC) states that its concentration should not exceed 25 mg L-1 in waters suitable 

for both salmonid and cyprinid fish populations (apart from “exceptional weather or 

special geographic condition”) (EC, 2006). In 2013, those directives were set to be 

revoked and waters presently protected by them would become protected and managed 

under the EU Water Framework Directive (WFD) (2000/60/EC) (UKTAG, 2010).  

The WFD is considered to be one of the most significant and innovative pieces of 

environmental legislation in recent history due to its advanced and holistic approach to 

water quality protection and management issues in all aquatic environments, including 

groundwater, lakes, rivers, estuaries and coastal waters out to one mile from the low tide 

level (EC, 2000). Its pioneering approach is demonstrated through the recognition of the 

role of water in supporting healthy ecosystems as well as its role in supporting human 

social and economic growth (White, 2008).  
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As reported in Chapter 2, the key objectives of the WFD are: (1) to prevent 

deterioration; (2) to provide long-term protection; and (3) to achieve good ecological 

status (GES) for all water bodies in Europe (Pollard and Huxham, 1998, Apitz et al., 

2006). The WFD also requires its member states to monitor and report the ecological 

status of the country’s water bodies (UKTAG, 2008a). Ecological status assessment is 

based on the hydromorphological, physicochemical and biological qualities of water 

bodies and depends on the digression of those qualities from undisturbed/reference 

condition. This variation from the reference condition is presented as an ecological 

quality ratio ranging from one, for high status environments, to zero, for bad status 

environments (EC, 2014a). 

However, despite this more inclusive and holistic approach to water management, the 

WFD stands to inherit the guidelines for SS that were previously enforced as part of the 

FFD, conceivably as a result of deficiency in the scientific evidence to support any other 

proposals. Furthermore, judging by its current targets for SS, it seems that the directive 

perceives the SS as a static environmental variable that is not defined by its physical 

conditions (geographic location, geology, hydrology, etc.) (White, 2008). 

Some environment agencies (e.g. ANZECC, 2000, USEPA, 2003) have already 

acknowledged that a better understanding is required of the biologically acceptable 

levels of SS in different environments. They have also recognised that many water 

quality standards and criteria for other major pollutants (e.g. sedimentation, pathogens 

and nutrients) need tailoring to fit local conditions and settings. Likewise, the USEPA 

(2003) acknowledged that a development of much more detailed SS targets would be a 

difficult and long task that would require researchers to identify ecological relationships 

between SS and floral and faunal communities affected by it, along with identifying 

reference condition dynamics; ultimately creating a waterway classification system. In 

case of the UK, those reference-condition sites have been already identified and 

classified in accordance to the macroinvertebrate communities present; this has been 

completed in the form of the River InVertebrate Prediction And Classification System 

(RIVPACS) database (Wright et al., 1998). In this thesis, the reference condition that 

relates to the RIVPACS database (which had been developed with the focus on the 

reference conditions for macroinvertebrate communities only), will be distinguished 

from the WFD ‘reference condition’ and referred to as the RIVPACS reference 

conditions (RRC).  
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This chapter reports the results from: (1) an analysis of low-resolution mean SS data 

collected from 638 RRC stream and river sites from across the UK contained in the 

RIVPACS IV database; and (2) a model developed for predicting environment-specific 

water quality guidelines for SS.   

 

3.2 Research aims  

(1) To identify differences in the mean annual concentrations of SS that are 

observed in contrasting ecosystems that are in RRC. 

(2) To develop a model for predicting environment-specific guidelines for SS. 

 

The hypotheses of this research are:  

(1) There are significant differences in the mean annual concentrations of SS that 

are observed in contrasting ecosystems that are in RRC. 

(2) In RRC ecosystems the mean annual concentration of SS is partially controlled 

by (or correlated to) the environmental characteristics of the stream/river 

catchment. 

 

3.3 Material and methods 

3.3.1 RIVPACS model   

The data used in this study were primarily from the RIVPACS IV dataset and model 

(May 2011 version) (River Invertebrate Prediction and Classification System – ©NERC 

[CEH] 2006). The RIVPACS model allows its users to assess the macroinvertebrate 

community expected at RRC lotic sites using information on their environmental 

qualities. The model consists of a classification of the RRC sites in its database into a 

number of distinct community types (End Groups) (CEH, 2014d). By measuring the 

environmental properties for a new site of interest, the model can predict the expected 

macroinvertebrate community (also defined as reference fauna) at that site which 

corresponds to reference condition under the WFD (CEH, 2014d). When the new site is 

surveyed (using the RIVPACS standardised macroinvertebrate sampling methods), the 

observed fauna can be compared with the expected fauna and deviations between the 

two can be used to assess the ecological status of that stretch of river (Davy-Bowker et 
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al., 2008). To estimate how the new site deviates from what is expected from that site if 

it were in RRC, biotic indices for both are calculated and compared. The higher the 

Observed/Expected (O/E) Ratio (or an Environment Quality Index [EQI] as defined by 

the WFD), the closer the observed fauna matches the expected one, suggesting good 

physiochemical and morphological condition of the site (CEH, 2014d, Clarke et al., 

2011). 

In order to develop the RIVPACS model, a wide variety of short river stretches with 

minimal impact (referred as RRC sites) were selected in order to include the full range 

of running water sites within the UK. At each RRC site, the macroinvertebrates were 

sampled several times and identified to the lowest practical taxonomic level (species or 

genus). The environmental data collated for each site focused on features that would be 

unaffected by environmental stresses or were derived from other sources (e.g. maps, 

water management bodies) (CEH, 2014a). Statistical models were then developed to 

summarise the inter-relationships between the observed macroinvertebrate fauna of the 

RRC sites and their environmental characteristics. First, the RRC sites were classified 

into a series of site groups, based only on the macroinvertebrate fauna (using Two-Way 

Indicator Species Analysis - TWINSPAN) (Wright et al., 2000). Then, using the 

Multiple Discriminant Analysis (MDA) the relationships between the environmental 

features and the faunal characteristics of the RRC site groups were determined, which 

led to the development of a predictive model. The model was then strictly validated and 

the quality of the RRC sites was assessed. In case of the RIVPACS IV model there are 

43 End Group communities identified. The RIVPACS IV model uses 11 environmental 

variables (selected as the most optimal sub-set from the original 28 variables in 

RIVPACS I) (CEH, 2014c). Subsequently, the RIVPACS model is widely used by the 

Environment Agency and the Scottish Environment Protection Agency for assessment 

and monitoring purposes and has provided the foundation for many of the principles of 

the WFD (Logan and Furse, 2002). The summary of the steps in the development of 

RIVPACS is shown in Figure 3.1. Figure 3.2 illustrates the steps of the predictive 

RIVPACS model.  
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Figure 3.1 Development of RIVPACS model 

 

 

Figure 3.2 RIVPACS model   
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3.3.2 RIVPACS data  

As discussed in Section 3.3.1, the data used in the investigation of mean background SS 

concentrations and in the development of a model for predicting mean SS concentration 

range were primarily from the RIVPACS IV (May 2011 version). The dataset contains 

catchment characteristics (e.g. geology, land use), water quality records and 

macroinvertebrate data collected between 1978 and 2004 for 795 sites throughout the 

UK in RRC. Figure 3.3 shows the location of the RIVPACS IV reference sites. In this 

study, only sites with existing SS data (638) were used. The selected sites represent a 

wide range of environments in the UK and are characterised by a great diversity of 

climatic, geological, and water quality parameters. Examples of the range of 

environments are highlighted in Table 3.1. 

 

Table 3.1 Environmental variable ranges for 638 sites with the existing SS data in the RIVPACS dataset 

 
Environmental variables  

 
Minimum 

 

 
Maximum 

 
Mean air temperature (ºC) 

 
7.9 

 
11.4 

Air temperature range (ºC) 8.4 13.7 
Altitude (m)  0 590 
SS concentration (mg L-1) 0.2 45.6 
Catchment area (km2) 0.1 7193 
Mean pH  5.3 8.6 
Mean depth (m) 0.02 3 
Mean width (m) 0.4 117 
Altitude at source (m) 8.7 1216 
Mean annual precipitation (mm) 440 2400 
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Figure 3.3 RIVPACS IV reference sites 
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There are 13,822 measurements of SS recorded in the RIVPACS IV database (recorded 

as suspended solids). These were collected during various monitoring programmes, 

lasting between one and ten years. SS was determined using a standardised gravimetric 

method which entails filtration of a known volume of sample through pre-weighed 0.7 

µm pore-size glass-fibre filter papers, followed by drying at 105 °C and reweighing 

(CEH, 2011). Other environmental features of each site, except for mean annual 

precipitation, were obtained from the RIVPACS IV (May 2011 version) database. The 

list of environmental characteristics of the sites used in this study and their sources are 

presented in Table 3.2. Mean annual precipitation data was derived from 1 km gridded 

data for the period 1961-1990 and was acquired from the UK Meteorological Office 

(Met Office, 2011).  

 

3.3.3 Statistical analyses  
Prior to the analysis and modelling, the data were extracted from the RIVPACS IV 

database, combined and processed in Microsoft Excel. One-way analysis of variance 

(ANOVA) and multiple discriminant analysis (MDA) were conducted in SPSS 

statistical software (IBM® SPSS® Statistics 19).  

For the purpose of MDA, the 547 RRC sites (sites from the initial 638 that have missing 

environmental data were excluded from the process) were allocated into (i) one of the 

specified SS groups (for SS ranges of: 5, 6. 7 and 8 mg L-1), and (ii) one of specified SS 

quantiles (tertiles, quartiles, quintiles and sextiles) (Table 3.3). These particular SS 

ranges and the quantiles were selected (as judged to be not too broad or too constricted) 

in order to improve the current EU SS range (guideline) of 0 ≤ 25 mg L-1. For instance, 

if the chosen ranges were very wide, i.e. similar to the current guideline of 25 mg L-1, 

then some ecosystems that are supposedly protected by the guideline may actually 

experience higher or lower than optimal concentrations, thus limiting the guideline’s 

biological sensitivity. Conversely, if the ranges were very narrow, then the guidelines 

become too inflexible to account for natural inter-annual variability in background 

concentrations. The SPSS cross-validation technique was performed to assess the 

accuracy of the MDA models; this is where each case sample is categorised by the 

functions originated from all other samples excluding the case for which the prediction 

is being made (Filed, 2005). 
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Table 3.2 Environmental variables, their sources and derivation method used in the Multiple Discriminant Analysis. (*) Variables logarithmically-transformed for the 
stepwise MDA 

 
Parameter 

 
Unit 

 
Derived from 

 
Source 
 

Site altitude * m above sea 
level 
 

Map data RIVPACS IV 

Mean air temperature ºC UK Meteorological Office map data RIVPACS IV 
Mean air temperature 
range 
 

ºC UK Meteorological Office map data RIVPACS IV 

Distance from source * 
 

km Map data RIVPACS IV 

Slope of site stretch * 
 

m km-1 Map data RIVPACS IV 

Stream width * 
 

m Mean of three seasonal measurements RIVPACS IV 

Stream depth * 
 

cm Mean of three seasonal measurements RIVPACS IV 

Strahler stream order 
 

1-8 Centre for Hydrology and Hydrology (CEH) Intelligent River Network (IRN) RIVPACS IV 

% Catchment with drift 
geology class 

% of class 1-5 River Habitat Survey’s Drift Geology Class (1-5) derived from British Geological 
Survey Drift Geology Classes (1-13). Catchment were delineated by CEH’s IRN and 
the % of coverage was calculated from data in the format of the dominant Geology 
Class in each 1 km2 of the catchment, referenced to the National Grid 

RIVPACS IV 

% Catchment with solid 
geology class 

% of class 1-8 River Habitat Survey’s Solid Geology Class (1-5) derived from British Geological 
Survey Solid Geology Classes (1-116). Catchment were delineated by CEH’s IRN and 
the % of coverage was calculated from data in the format of the dominant Geology 
Class in each 1 km2 of the catchment, referenced to the National Grid 

RIVPACS IV 
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Table 3.2 (cont.) Environmental variables, their sources and derivation method used in the Multiple Discriminant Analysis. (*) Variables logarithmically-transformed for the 
stepwise MDA 

 
Parameter 

 
Unit 

 
Derived from 

 
Source 
 

 
Base flow index 
 

 
% 

 
Base Flow Index (BFI) from the Hydrology of Soil Types (HOST) classification 

 
RIVPACS IV 

Time upstream catchment 
soils are wet 
 

% Flood Estimation Handbook (FEH) RIVPACS IV 

Catchment area * 
 

km2 CEH Wallingford’s Integrated Hydrological Digital Terrain Model (IHDTM), referred 
as DTMGEN 
 

RIVPACS IV 

Slope to source * 
 

m km-1 Average slope from source to site CEH’s IRN (altitude at source minus altitude at site) 
divided by distance from source 
 

RIVPACS IV 

Mean altitude of 
upstream catchment * 
 

m asl Flood Estimation Handbook (FEH) RIVPACS IV 

Mean drainage path 
length * 
 

km Mean drainage path length between each upstream node (on regular 50 m grid) and the 
site. Derived from FEH 

RIVPACS IV 

Mean drainage path 
slope * 
 

m km-1 Mean drainage path slope of all inter-nodal slopes for the upstream catchment. Derived 
from FEH 

RIVPACS IV 

Longest drainage path 
length * 
 

km Longest drainage path length from an upstream node to the site. Derived from FEH RIVPACS IV 

Mean annual 
precipitation 
 

cm Derived from 1961 to 1990 average for the 1 km grid square of the RIVPACS IV sile 
location 

UK Meteorological 
Office 
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3.4 Results  
The outcomes of the MDA for different range sizes and quantiles are shown in Table 

3.3. Minimum, lower quartile, mean, median, upper quartile and maximum values for 

mean SS concentrations for the 42 ecosystems (End Groups) are shown in Figure 3.4 

(note there are no data for End Group 2). One-way ANOVA showed significant 

difference (p<0.001) between the mean background SS concentrations in contrasting 

ecosystems (End Groups) when in RRC. The lowest mean background concentration of 

SS is observed in End Group 6 (1.7 mg L-1). All ecosystems but one (End Group 33) 

have the mean background SS concentrations lower than the current EU water quality 

guideline of 25 mg L-1. End Group 33, with mean concentrations of SS 26.2 mg L-1 

exceeds the EU Fisheries Directive guideline despite being in RRC condition.  

 

 
Figure 3.4 Minimum and maximum (shown in the lower and upper whiskers respectively), mean (o), 
median (x), interquartile range (boxes), values for mean background SS concentrations recorded at sites 
within each of RIVPACS End Groups. Outliers (defined as values whose distance from the nearest 
quartile is greater than 1.5 times the interquartile range) are identified automatically by SPSS and are 
highlighted with a (*) (No data for group 2)  
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Table 3.3 Performance of Multiple Discriminant Analysis (MDA) for four different SS range sizes and 
quantiles. Performance is measured as the percentage of sites allocated to: (1) the correct SS 
range/quantile; or (2) the correct or next closest SS range/quantile 

 
 
SS range 
size 
(mg L-1) 

 
 

 
Groups 

 
 

Number 
of 

groups 

MDA performance 
measure as the percentage 

of sites allocated to the: 
Correct SS 

range 
Correct or 
next closest 

SS range 
 
5 

 
(0.00-4.99);(5.00-9.99); 
(10.00-14.99);(15.00-19.99);(20.00-
24.99); ≥25 mg L-1 
 

 
6 

 
49 

 
81 

6 (0.00-5.99);(6.00-11.99);(12.00-
17.99);(18.00-23.99);≥24 mg L-1 
 

5 55 87 

7 (0.00-6.99); (7.00-13.99);  
(14.00-20.99);≥ 21 mg L-1 
 

4 61 91 

8  (0.00-7.99); (8.00-15.99);  
16.00-23.99);≥ 24 mg L-1 
 

4 63 92 

 
 
Quantiles 
 

 
 

 
Groups 

 
 

Number 
of 

groups 

MDA performance 
measure as the percentage 

of sites allocated to the: 
Correct SS 

range 
Correct or 
next closest 

SS range 
 
 
Tertiles 
 

 
(0.20-4.46);(4.70-10.94);  
(10.98-45.58) 

 
 

3 
 

 
 

65 

 
 

97 

 
Quartiles 
 

 
(0.20-3.50);(3.53-7.73);  
(7.75-13.33); (13.34-45.58) 
 

 
4 

 
56 

 
90 

 
Quintiles 
 

 
(0.20-2.83);(2.88-5.57);(5.67-9.64); 
(9.68-14.92);(15.00-45.58) 
 

 
5 

 
47 

 
86 

 
Sextiles 
 

 
(0.20-2.41);(2.46-4.64);(4.70-7.75); 
(7.81-10.94);(10.98-16.51);(16.53-
45.58) 

 
6 

 
45 

 
79 
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Investigation of the Stepwise MDA with cross-validation for the SS ranges (Table 3.3) 

shows that the best performing model based on the SS concentration ranges was that 

using 8 mg L-1 range sizes. This model predicted the correct SS range in 63% of cases 

and predicted the correct or the next closest SS range membership in 92% of cases 

(Wilks’ Lambda 0.486; p<0.001). Stepwise MDA for this range showed that a 

collection of three discriminant functions can be employed to forecast the site’s SS 

group allocation (Table 3.4). In this model the three discriminant functions are derived 

from the following environmental parameters: mean annual temperature, distance from 

source, mean altitude of upstream catchment, time upstream catchment soils are wet, the 

percentage of catchment area covered by River Habitat Survey’s (RHS) Solid Geology 

Superclass 0, 3, 4, 6, and 8 (none, clay, shale, chalk and hard rocks respectively). 

Results of stepwise MDA of all other SS ranges and quartiles are included in Appendix 

I (Table A.1-A.8).  

  

Table 3.4 Standardised canonical discriminant function coefficients derived from MDA on the SS range 
of 8 mg L-1 

 
Environmental parameters  
 

Function 

1 2 3 
 
Climatic 
 

 
Mean air temperature 

 
.443 

 
-.066 

 
-.178 

 
 
Topographic 
 

Distance from source .393 .344 .303 
Mean altitude of upstream catchment -.253 .278 .111 
Mean depth -.142 .440 -.691 
Time upstream catchment soils are wet -.330 .166 -.374 

 
 
 
 
Geological  

 
% RHS Solid Geology Superclass 0 (none) 

 
.057 

 
.155 

 
.737 

% RHS Solid Geology Superclass 3 (clay) .323 .113 .354 
% RHS Solid Geology Superclass 4 (shale) .127 .479 .204 
% RHS Solid Geology Superclass 6 (chalk) -.016 -.466 .175 
% RHS Solid Geology Superclass 8  
(hard rocks) 

-.379 -.199 .222 
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3.5 Discussion  

The results of this study indicate that there are statistically significant differences 

between the mean annual background SS concentrations found in contrasting 

ecosystems that are in RRC. Sites belonging to one ecosystem type (End Group 33) had 

mean SS concentrations of 26 mg L-1 which exceeds the FFD guideline, despite being in 

RRC. The implications of this finding are that the current water quality guideline is 

inappropriate for this specific ecosystem-type which will normally not be compliant 

with the guideline regardless of the intensity of land use.  

The other 41 ecosystems studied display mean annual SS concentrations that are lower 

than the FFD guideline. However, this does not mean that the current standard is 

appropriate for them either, as many studies have already demonstrated negative effects 

of SS concentrations lower than 25 mg L-1 on aquatic organisms at all trophic levels 

(Table 3.5). Whilst in this study, the distinct ecosystems (End Groups), are based solely 

on invertebrate community composition, it is likely that the other members of the 

associated ecological community (i.e. vertebrates, primary producers, bacteria, viruses 

and fungi), follow similar natural groupings and have similar environmental 

preferences. It is therefore suggested here that in some cases the 25 mg L-1 threshold 

may be too high, particularly for the 50% of UK freshwater ecosystems shown here to 

have environmental preferences for environments with mean SS background 

concentrations of < 8 mg L-1. That would therefore suggest that aquatic communities 

adapted to low SS concentrations need lower SS concentration guidelines to be fully 

protected. These findings imply that there is a need for the development of alternative, 

more environment-specific targets, as the current guideline does not identity the 

inherent differences between catchments. 

In this study the MDA model based on SS concentration ranges of 8 mg L-1 

demonstrated the best performance at predicting a site’s membership to the correct 

range (63% of cases) or next closest range (92% of cases). This is equivalent to 

predicting correct allocation of sites to the following ranges: 0.00-15.99; 0.00-23.99; ≥8 

and ≥ 16 mg L-1 in 92% of cases. This would represent a significant improvement on the 

current FFD standard SS range of ≤ 25 mg L-1.  
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Table 3.5 Examples of negative biological effects caused by exposure to SS concentrations ≤ 25 mg L-1 

 
Species/taxonomic group 

SS 
concentration 

(mg L-1) 

 
Effect 

 
Author 

 
All taxa  
 

 
8-177 

 
Reduced density 

 
Quinn et al. (1992) 

Pteronarcys californica 
(Plecoptera) (stonefly) 

1.5 Feeding inhibition Hornig and 
Brusven (1986) 

 
Hesperophylax occidentalis  
(Trichoptera) caddisfly 

 
1.5 

 
Feeding inhibition 

 
Hornig and 
Brusven (1986) 

 
Salmo salar  
(Atlantic salmon) 

 
20 

 
Increased foraging 

 
Robertson et al. 
(2007) 
 

Thymallus arcticus  
(Arctic grayling) 

25 6% mortality for sac fry Reynolds et al. 
(1989) 

 23 14% mortality for sac fry Reynolds et al. 
(1989) 

 22 15% mortality for sac fry Reynolds et al. 
(1989) 

 20 13% mortality for sac fry Reynolds et al. 
(1989) 

Oncorhynchus mykiss 
(Rainbow trout) 

7 17% reduction in egg-to-
fry survival 

Slaney et al. 
(1977) 

 21 62% reduction in egg-to-
fry survival 
 

 

Glossiphonia complanata 
Eropobdella octoculata  
(Hirudnea) 

22-336 Reduced density Extence (1981) 

 
Various benthic 
invertebrates 

 
8 

 
Increased drift 

 
Rosenberg and 
Wiens (1978) 

 

In statistical modelling approaches like those used here and in the RIVPACS IV model, 

the aim is to select a set of environmental predictor variables that can be measured in a 

standardised way at any type of river site. Therefore sometimes variables may be used, 

many of which are not necessarily causal determinants, but merely robust correlates, 

which can be used to make predictions of SS at a site. One of the problems of selecting 

predictor variables is that one does not want to include variables if their values, which 

will be used to set the expected SS, have already been altered by the pollution or 

environmental stress whose effects one is trying to assess. In the model-building process 

used in this study, alkalinity was not included as a potential predictive parameter for 

background SS concentrations. Alkalinity is possibly important in determining 
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background SS concentrations because it is a surrogate measure of the geology of the 

catchment, which partly determines the rates of geomorphological processes and 

therefore sediment supply within the catchment. However, there is a possibility that the 

alkalinity of a site may be unknowingly altered as a consequence of pollution (e.g. from 

wastewater), which could possibly lead to erroneous prediction of membership to a SS 

range. Since the MDA model input requires a mean of 12 monthly measurements of 

alkalinity in order to make a prediction of sediment for a site, the risk of erroneous 

classification is reduced. Nevertheless, the robustness of prediction was improved 

through exclusion of this parameter from the MDA, and replacement with more direct 

metrics of catchment geology. 

Another consideration is that, factors such as latitude (used in the RIVPACS IV model) 

and longitude (also used in the RIVPACS IV model) seem to be strong predictors of 

background SS, despite having no physical basis. They are likely to affect background 

SS through their relationship with the spatial patterns of precipitation and temperature 

in the UK, which influence the rates of weathering and erosion and therefore sediment 

supply. Any model that uses latitude and longitude as predictive variables is, however, 

likely to be applicable only in the UK, reflecting the unique topography and spatial 

variability of climate in the UK. The model’s applicability is widened through exclusion 

of latitude and longitude from the MDA and replacement with more direct climatic 

metrics such as mean annual precipitation. In order to address the issues associated with 

the use of alkalinity, latitude and longitude as environmental predictors of SS ranges, 

these three parameters were excluded from the model-building process and were 

replaced with more physically based and temporally stable parameters.  

The resultant model, which can predict a site’s membership to the correct or next closest 

SS range in 92% of cases, includes many factors that are well-known determinants of 

the levels of erosion and therefore SS delivery in a catchment. For example, previous 

research by Langbein and Schumm (1958), Nearing et al. (2004) and Walling and Kleo 

(1979) has demonstrated the importance of climate in determining sediment yields. In 

this study, the predicted mean background SS range is based upon a MDA model that 

incorporates measures of the mean annual temperature as predictive parameter. Previous 

research has also highlighted the importance of the erodibility of catchment soils and 

geology in determining hydrology and sediment transport (e.g. Montgomery, 2007, 

Walling and Webb, 1983, Wischmeier and Smith, 1960, 1978). In this study, the 
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predicted mean background SS range is based upon a MDA model that incorporates 

measures of the percentage of the catchment area comprised of clay, shale, chalk, and 

hard rocks. Finally, previous research has also highlighted the importance of catchment 

topography, in particular hillslope gradient, in determining rates of soil erosion and 

sediment transport (e.g. Walling, 1983, Wischmeier and Smith, 1960, 1978). In this 

study, the predicted mean background SS range is based upon a MDA model that 

incorporates measures of the mean altitude of the upstream catchment.  

 

3.6 Conclusion  

The results of this low-resolution study support the research hypothesis that there are 

significant differences in the mean annual concentrations of SS that are observed in 

contrasting ecosystems that are in RRC. The results from this analysis show that there 

are 15-fold differences in the mean background concentrations of SS observed in 

contrasting ecosystems that are in RRC. One of the studied ecosystems has mean 

background concentrations in excess of the current water quality guideline, but more 

than 78% of the ecosystems studied have mean background concentrations at levels less 

than half of the current EU water quality guideline. These findings draw into questions 

appropriateness of the current EU water quality guideline as it does not consider the 

inherent differences in background SS conditions that may be expected in streams/rivers 

within contrasting environment types owing to natural differences in geomorphological 

processes. Moreover, the guideline does not reflect the varied environmental 

preferences of different freshwater communities, which may be adapted to specific SS 

conditions.  

The results of this study also support the research hypothesis that in RRC ecosystems, 

the mean annual concentration of SS is partially controlled by (or correlated to) the 

environmental characteristics of the stream/river catchment. A statistical model was 

developed to predict a site’s mean background SS concentration, in the form of one of 

four SS ranges (0.00-7.99; 8.00-15.99; 16.00-23.99; and ≥ 24 mg L-1), based upon input 

of the sites: mean annual temperature, distance from source, mean altitude of upstream 

catchment, time upstream catchment soils are wet, and the percentage of catchment area 

covered by River Habitat Survey’s (RHS) Solid Geology Superclass 0, 3, 4, 6, and 8 

(none, clay, shale, chalk and hard rocks respectively). Though the MDA model has only 
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a moderate performance at predicting a site’s membership to one correct SS range (63% 

of cases), in 92% of cases it can predict a site’s membership to the correct or next 

closest SS range. This is equivalent to correctly predicting, in 92% of cases, allocation 

of a site to the following SS ranges: 0.00-15.99; 0.00-23.99; ≥8 and ≥ 16 mg L-1. This 

would represent a significant improvement on the current EU water quality guideline 

which suggests that all sites should be allocated to one range size of 0.00 ≤25.00 mg L-1. 

The results and the model presented here can only be seen as the mean SS background 

concentrations. This reflects the fact that the SS data behind the results and the model 

were only collected at a relatively low resolution which is unlikely to capture the full 

range of SS concentrations (i.e. not during storm events or droughts). The data can be 

improved through the collection of higher resolution SS data from the RRC sites, as 

presented in Chapter 4. This would enable the model to predict total mean SS 

concentrations rather than mean background concentrations.  

However there may be better metrics of SS (apart from concentration) such as duration, 

frequency, composition and particle size that could be quantified and that are more 

ecologically meaningful as they play a significant role in severity of the SS impacts on 

the aquatic organisms (Bilotta and Brazier, 2008). A mean SS concentration does not 

offer any information about SS properties or any indication of the frequency and timing 

of the sediment fluxes and the conditions observed in-stream. The SS may pass through 

the stream in a single pulse, or in a series of pulses, or may be at a fairly constant 

concentration; each scenario having differing effects on the ecology and not necessarily 

requiring the predicted mean concentration to have been exceeded in order to have had a 

significant impact on ecosystem health. Nevertheless, the model that has been 

developed here does represent a significant advancement on the current singular water 

quality guideline for SS.  
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4. Chapter Four: Water quality guidelines for suspended 
sediment – evidence from contemporary high-
resolution monitoring in contrasting RIVPACS 
reference-condition freshwater ecosystems  
 

Part of the content of Chapter 4 has been submitted for publication in Science of the 

Total Environment (2014). 

 

4.1 Introduction  

As mentioned in Chapter 2, government-led environmental organisations from around 

the world have established water quality guidelines and standards, which state 

recommended targets for SS (sometimes referred to as suspended solids and 

occasionally assessed through proxy measurements of SS such as turbidity) (Table 2.8). 

However, at present these guidelines are often singular values that do not recognise the 

natural spatial and temporal variation of SS in streams/rivers, and are poorly linked to 

the biological/ecological impact evidence; therefore ultimately these guidelines may not 

reflect the specific requirements of the biological communities that they are designed to 

protect (Bilotta et al., 2012, Collins et al., 2011). More than that, there is also an 

ongoing issue of depicting the SS regimes and targets in the most accurate, and 

biologically relevant manner.  

As previously stated in Chapter 2, SS is a natural component of freshwater ecosystems, 

critical to habitat heterogeneity and ecological functioning (Maitland, 2003, Swietlik et 

al., 2003, Vannote et al., 1980, Yarnell et al., 2006). There is natural spatial variation in 

SS conditions, as demonstrated in Chapter 3, which is controlled by a number of the 

natural environmental characteristics associated with a stream/river’s catchment 

(including metrics of climate, catchment geology and topography, and channel 

hydromorphology). The interpretation of the findings reported in Chapter 3 is that 

differences in the natural environment create unique SS conditions that support 

particular freshwater communities. If we wish to protect these freshwater communities 

through establishing and implementing water quality guidelines, then these guidelines 

must be environment-specific.  
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There is also natural temporal variation in SS conditions, which depends on the seasonal 

changes in flow rates (e.g. drought, rainfall, snow-melt events) and the discontinuous 

nature of geomorphological and biological processes that control the supply of SS into 

the river channels (Walling et al., 2008, Wood and Armitage, 1997). This natural 

temporal variation in SS conditions is critical to the ontogeny of certain species 

(Maitland, 2003) whilst others may depend on it (Gregory and Levings, 1998, Gregory 

and Northcote, 1993, Henley et al., 2000). However, in catchments where the natural 

levels of SS have been modified through anthropogenic activities, the resultant modified 

SS regimes can impact on the biological community, as shown in Chapter 2. In such 

cases, the effects of the SS on aquatic organisms can also depend on the duration, 

frequency and timing of observed SS concentration (Diehl and Wolfe, 2010, Kerr, 1995, 

Newcombe and Jensen, 1996, Newcombe and MacDonald, 1991, Reid et al., 2010, 

Waters, 1995, Yount and Niemi, 1990), which collectively are referred to as the SS 

regime (concentration, duration, frequency).  

However, at present, the SS regime required to achieve good ecological status (as 

required by the EU Water Framework Directive (WFD), or minimal biological 

impairment in a given environment, has not been defined. Current water quality 

guidelines for SS, through their use of mean annual concentration values or total mean 

daily loads, fail to recognise the importance of the SS regime, because an observed 

mean concentration, even if regarded as being compliant with guidelines, could be 

achieved through an infinite number of concentration scenarios, each potentially having 

very different biological effects. There is therefore a need for more advanced water 

quality guidelines that can take into account these natural spatial and temporal 

variations, so that water quality managers can identify where and when SS pollution is 

taking place and to what extent.  

This chapter builds on the results reported in Chapter 3 that showed significant spatial 

variations in mean SS concentrations between 42 distinct macroinvertebrate 

communities in 638 RRC sites and reports the results from high-resolution monitoring 

of SS in ten contrasting RRC ecosystems (i.e. minimal anthropogenic disturbance and 

high ecological status) between 2011 and 2013. This chapter also reports the findings of 

the investigation into the impacts of sampling frequencies on the outcomes of SS 

monitoring programmes.    
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4.2 Research aims  

(1) To identify the spatial and temporal variations in SS concentrations that are 

observed in contrasting RRC river ecosystems.  

(2) To investigate the impact of sampling frequencies on SS concentration data in 

different monitoring programmes. 

(3) To validate a model developed in Chapter 3 for predicting environment-specific 

guidelines for SS. 

 
The hypotheses of this research are: 

(1) There are significant differences in the SS concentrations that are observed in 

contrasting ecosystems that are in RRC. 

(2) Monitoring frequencies influence the outcomes of SS monitoring programmes. 

(3) The mean annual concentration of SS can be predicted by the environmental 

characteristics of the stream/river catchment. 

 

4.3 Material and methods  

4.3.1 Field sites  

Field sites were selected from the RIVPACS IV database (May 2011 version) (River 

Invertebrate Prediction and Classification System - © NERC [CEH] 2006. Database 

rights NERC [CEH] 2006 all rights reserved). The RIVPACS IV model and database 

are summarised in Chapter 3, and are described in detail by Wright et al. (2000) and 

Clarke et al. (2011). To identify the ecosystems that occur in the most contrasting 

environments the environmental properties of the 43 End Groups were plotted for the 12 

environmental variables identified through RIVPACS’ MDA as being discriminant 

variables for invertebrate community composition. Latitude and longitude were 

excluded because they have no direct physical basis and are therefore likely to produce 

models that are only applicable to the UK. Alkalinity was excluded because it is a 

water-quality parameter that can be influenced by pollution, which could result in 

incorrect RRC model predictions. Air temperature range was excluded because it is 

highly correlated with mean annual air temperature. The End Groups that had the lowest 

and highest mean values for each of the remaining eight environmental variables were 

selected as the most contrasting ecosystem types (Figures 4.1 and 4.2). Those End 
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Groups included: 10, 14, 16, 18, 29, 30, 42 and 43 (Table 4.1). Consequently field sites 

from each of the selected End Groups were selected. This was decided by choosing the 

sites that had the value closest to the mean value for that particular environmental 

variable for that End Group. In a few instances, for logistical reasons 

(proximity/access), sites that had the second closest value to the mean value for the 

environmental parameter variable were chosen.  

 

Table 4.1 RIVPACS End Groups with the lowest and the highest mean value for eight environmental 
parameters used in the RIVPACS IV model selected as the most contrasting ecosystem types 

Environmental parameter Mean Mean value RIVPACS IV  
End Group 
 

Altitude (m) Lowest 2.15 43 
Highest 223.71 16 

Distance from source (km) Lowest 0.76 30 
Highest 105.98 42 

Width (m) Lowest 0.75 30 
Highest 38.83 42 

Depth (m) Lowest 7.16 30 
Highest 154.11 42 

Mean substratum size (phi) Lowest -6.32 14 
Highest 6.88 43 

Discharge category (1-10) Lowest 1 30 
Highest 7.41 18 

Slope (m km-1) Lowest 0.53 42 
Highest 35.63 30 

Mean air temperature (⁰C) Lowest 8.38 10 
Highest 10.98 29 

 

 

Using this process, ten field sites were selected and these encompass a wide range of 

environments, varying in: (1) Climate - mean annual precipitation totals of 450 to 1400 

mm and mean annual temperatures ranging from 8.42 to 11.33 °C; (2) Geology - 

varying from catchments with almost 100% hard igneous rocks to catchments with 

almost 100% clay or sandstone rocks; and (3) Topography - altitudes at source varying 

from 128 to 1216 m above sea level. 
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Figure 4.1 Means and standard deviation of environmental parameters used in RIVPACS model for 43 End Groups. End Groups selected for the study are denoted by circles 
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Figure 4.2 Means and standard deviation of environmental parameters used in RIVPACS model for 43 End Groups. End Groups selected for the study are denoted by circles
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The stream and river sites also vary in their morphometry with widths ranging from 

0.60 to 50 m (mean of three seasonal measurements), and depths ranging from 0.08 to 

1.90 m (mean of three seasonal measurements). The approximate location of each site is 

shown in Figure 4.3, which also describes the wide range of environmental 

characteristics of each site. 

 

 
Figure 4.3 Location of the ten RRC stream/river sites sampled in this study, including information on 
their catchment characteristics: mean annual temperature (MAT), mean annual precipitation (MAP), 
mean altitude of upstream catchment (Alt), and mean depth of water at monitoring site (Depth). Dominant 
geology classes, shown in the piecharts, represent an amalgamation of the 116 Solid Geology classes of 
the British Geological Survey into nine River Habitat Survey super-classes. The environmental 
characteristics of each site, excluding MAP, were sourced from the RIVPACS IV (May 2011 version) 
database, described in more detail by Clarke et al., (2011). Mean annual precipitation data were sourced 
from the UK Meteorological Office and derived from 1 km gridded data for the monitoring location 
during the period 1961-1990 (Met Office, 2011) 

 

Owing to the design of the study it is possible to place the selected sites into a spatial 

and temporal context of RIVPACS End Groups (ecosystems) and its long-term 

historical data set. Further site details (e.g. land use, geology, WFD categories and 

composition of invertebrate communities) are presented in the Appendix II (Table A.9-

A.23). 
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4.3.2 Field monitoring and sampling 

Each field site was instrumented with a multi-parameter water-quality probe (Aquaread 

Aquaprobe) and logger (Aquaread Aqualogger), which recorded turbidity - a surrogate 

measure of SS - every 15 minutes, in addition to recording water temperature (°C), pH, 

dissolved oxygen (mg L-1), dissolved solids (mg L-1) and electrical conductivity (µS). 

These data were complemented by laboratory analysis of water samples that were 

collected from each site on a four to eight-week temporal frequency, between 24th May 

2011 and 24th May 2013. Water samples were collected in a depth- and width-

integrating manner across each river site, and were collected manually using 1 L plastic 

bottles. Samples were refrigerated at <4 °C and stored in the dark prior to analysis in 

order to avoid degradation. Samples were analysed in the laboratory for concentrations 

of SS and volatile organic matter (VOM). The method used to determine concentrations 

of SS and VOM is detailed in Clesceri et al. (1998). Briefly, this involved filtration of a 

known volume of sample through a dried, pre-combusted (550 °C for 30 minutes) and 

pre-weighed glass fibre filter paper (Whatman GF/F), with a pore size of 0.7 µm. The 

filters and their residue were then dried at 105 °C for one hour and re-weighed. 

Following this the filters and their residue were ignited in a muffle furnace at 550 °C for 

30 minutes and then re-weighed to determine VOM (VOM equal to the dried particle 

mass minus the combusted particle mass). This is the standard technique for the 

determination of VOM (APHA, 1995, 1998). Supplementary SS samples were collected 

using the time-integrating passive trap sampler method described by Phillips et al. 

(2000). The time-integrated SS samplers were one metre long and consisted of 

commercially available PE pipes with an outer diameter of 110 mm and a wall thickness 

of 4.2 mm (Figure 2.5). They were sealed with a plugged polythene funnel at the inlet 

and a cap at the outlet. A plastic tube with an inner diameter of 4 mm was passed 

through the funnel and the cap as inlet and outlet. The time-integrated SS samplers were 

mounted parallel to the riverbed at two upright steel bars driven into the channel bed, 

with the inlet tube pointing directly into the direction of the flow. The greater cross-

sectional area of the main cylinder compared to that of the inlet tube reduces the flow 

velocity within the samplers by a factor of 600 relative to that of the ambient flow 

(Phillips et al., 2000). This reduction in flow velocity induces sedimentation of the SS 

as the water moves through the cylinder towards the outlet tube (Phillips et al., 2000). 

The time-integrated SS samplers have been shown to collect a statistically 
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representative SS sample under field conditions (Perks et al., 2013, Phillips et al., 2000, 

Wildhaber et al., 2012). The SS was extracted from these samplers approximately every 

eight weeks and combined with set volumes of filtered river water from the same site in 

order to generate a range of known concentrations of SS from which to calibrate the 

turbidity record for the site. This approach was taken as it is recommended that the 

developed turbidity and SS concentration regressions are site-specific (Gippel, 1995, 

Pfannkuche and Schmidt, 2003, Wass et al., 1997). The regression equations (turbidity-

SS), derived from the manual samples and time-integrated SS samples, were used to 

convert the turbidity record into estimated SS concentrations (Figure 4.4), with upper 

and lower prediction intervals (95% level). 

 

4.3.3 Data analysis 
 

All field data collected in the study sites were checked for consistency in turbidity 

signals by visual inspection as well as against the discharge data gathered by the 

Environment Agency (EA) and the Scottish Environment Protection Agency (SEPA) 

from the local gauging stations and from the discharge estimations computed from the 

depths records and velocity measurements collected during the study. In cases where the 

stream debris or biota covered the turbidity sensors, or if sensors did not respond to 

changes in stream discharge for prolonged periods of time suggesting equipment failure, 

the data were removed. The extent of data removal is presented as a percentage of 

possible measurements during the period of study (Appendix III, Table A.24). 

The SS regimes for the ten sites were then analysed in a number of ways. Firstly, the SS 

concentrations in ten RRC sites were statistically compared in regards to their spatial 

variability. Following recommendations by some authors who suggest the use of 

medians and quantiles to represent the SS conditions, the collected SS data was 

computed as SS concentration percentiles C10, C50, C70 and C95 (corresponding to the 

flow statistics: Q10, Q50, Q70 and Q95 calculated by the National River Flow Archive) 

(Gustard et al., 1992). This approach is advised especially for data collected during high 

resolution sampling programmes and therefore highly skewed (Cooper et al., 2003). 

Temporal variability was examined by investigating the inter-annual differences in SS 

concentrations and SS concentration frequencies in between the sites.   
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Figure 4.4 Relationship between the observed turbidity-SS values (crosses) and the predicted values 
based on regression analysis at each of the study sites (black lines represent the fitted regression value, 
grey lines represent the upper and lower 95% prediction intervals). Regression equations used to make 
predictions were carried out using quadratic equations on log-transformed turbidity (NTU) (X-axis) and 
SS concentration (mg L-1) data (Y-axis). All regression equations are statistically significant (p<0.001). 
(A) Bodilly, R2 = 0.98. (B) Dee, R2 = 0.94. (C) Exe, R2 = 0.93. (D) Fowey, R2 = 0.94. (E) Great Ouse, R2 
= 0.95. (F) Milburn Beck, R2 = 0.96. (G) Mire Falls Gill, R2 = 0.93. (H) Rother, R2 = 0.95. (I) Stinchar, 
R2 = 0.96. (J) Thames, R2 = 0.94  
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Secondly, the accuracy of the sampling frequency that is currently used as part of 

routine regulatory water quality monitoring programmes was assessed by systematically 

subsampling the high-resolution (15-minute frequency) SS data to imitate sampling at: 

one, 12 and 24 hour, weekly and monthly intervals. Hourly, twice daily and daily 

intervals represent moderate resolution sampling frequencies, whilst weekly and 

monthly intervals reflect the low-frequency monitoring designs (as currently used by 

many water quality monitoring organisations) (Cooper et al., 2008, Cooper et al., 2002, 

EC, 2010). The resulting average SS concentration estimates were compared with the 

SS concentration from the full data set (2011-2013) to determine percentage differences 

associated with these varying sampling intervals.  

 

The percentage differences in each concentration estimate were determined by: 

(% difference) = (Ce−Ct)
Ct

x 100 

 

where: Ce is the estimated SS concentration, based on the reduced data set, and Ct is the 

SS concentration (derived from 15-minute sampling frequency) based on the entire 

monitoring data. 

Thirdly, the model developed in Chapter 3 was validated against the high-resolution SS 

data and low-resolution SS data (from grab samples) obtained during this study as well 

as the low-resolution RIVPACS IV SS data. The environmental parameters that had the 

most influence in the model to forecast the site’s SS group allocation were used to 

predict the group membership and the probabilities of the group membership for the 

study sites. These parameters were: mean annual temperature, distance from source, 

mean altitude of upstream catchment, time upstream catchment soils are wet, the 

percentage of catchment area covered by River Habitat Survey’s (RHS) Solid Geology 

Superclass 0, 3, 4, 6, and 8 (none, clay, shale, chalk and hard rocks respectively) (Table 

3.4). All the statistical analysis of the SS data was conducted using SPSS statistical 

software (IBM® SPSS® Statistics 20).  

Prior to the statistical analysis, the SS concentration data sets for all ten study sites were 

investigated for normality and homogeneity of variance. In all cases the Kolmogorov-

Smirnov test for normality (p<0.001) suggested that the SS concentration data were not 
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normally distributed (Table 4.2). The test of homogeneity of variance (Levene Statistic; 

F (9, 536530) =7192.1, p<0.001) also indicated that the variances were significantly 

different. Tests of normality and of the homogeneity of variance were also carried out 

on the transformed SS data (common and natural logarithm, square, square root) with 

the same outcomes. An examination of the skewness and kurtosis values for the sites 

also suggested that the SS concentration data were not normally distributed. Based on 

those findings, non-parametric tests were applied for data analysis. 

 

Table 4.2 Results of the normality tests for the SS concentration data in the study sites 

SS concentration (mg L-1) 

 
Kolmogorov-Smirnova 

River Statistic D.F. Sig. 
Bodilly 0.153 59976 p<0.001 
Dee 0.326 42052 p<0.001 
Exe 0.341 57840 p<0.001 
Fowey 0.427 55489 p<0.001 
Great Ouse 0.327 51544 p<0.001 
Milburn Beck 0.308 62157 p<0.001 
Mire Falls Gill 0.318 58169 p<0.001 
Rother 0.280 43331 p<0.001 
Stinchar 0.320 54120 p<0.001 
Thames 0.263 51862 p<0.001 
a Lilliefors Significance Correction  

 

4.4 Results  

Spatial variation of the SS regimes 

Figures 4.5 - 4.9 show the SS regimes observed in the study sites during the 2011-2013 

monitoring period. Table 4.3 presents the summary statistics for the SS concentrations 

observed in the sites during that time. The results show over nine-fold differences in the 

mean SS concentrations between the ten contrasting river sites that were monitored 

between 2011 and 2013. Two of the river sites studied, Bodilly and Great Ouse, had 

mean SS concentrations (29 mg L-1) that exceed the current EU guideline despite being 

in RRC. Five of the river sites studied had mean SS concentrations that were less the 

half of the EU guideline, with the lowest mean SS observed in the River Fowey (3 mg 

L-1). A Kruskal-Wallis and post-hoc tests were conducted to determine if the differences 
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in SS concentrations between sites were statistically significant. Pairwise comparisons 

were performed using Dunn's (1964) procedure with a Bonferroni correction for 

multiple comparisons. Statistical significance was accepted at the p<0.05 level for the 

omnibus test and p<0.0011 for the multiple comparisons. SS concentrations were 

significantly different between the sites, χ2 (9) = 115315.17, p<0.001. Post-hoc analysis 

revealed statistically significant differences in all comparisons (p<0.001), except 

between the following pairs of sites: River Dee (median = 3.2 mg L-1) and Milburn 

Beck (median = 3.0 mg L-1) (p=0.555); River Rother (median = 6.1 mg L-1) and River 

Stinchar (median = 6.2 mg L-1) (p = 0.048) and the River Mire Falls Gill (median = 7.7 

mg L-1) and River Exe (median = 6.8 mg L-1) (p=0.027). 

To assess the range and the distribution of the SS concentrations further, discrete 

categories which equalled to set percentiles were computed. The C95 (which signifies 

low flow conditions) in study sites varied between 0 and 3 mg L-1. The C10 (which 

denotes high flow conditions) varied between 4 and 79 mg L-1. The C50 (which 

signifies moderate flows) varied between 1 and 22 mg L-1. Statistics (mean, median, 

minimum, maximum, range, and standard deviation) for predicted lower and upper 

value SS concentrations (based on the 95% confidence intervals derived from each 

site’s turbidity-SS regression analysis) for all ten sites are shown in Appendix III (Table 

A.26-A.27). SS concentration data from the RIVPACS IV database, grab samples 

collected during 2011-2013, predicted concentrations based on the complete 15-minute 

resolution datasets collected 2011-2013, and concentrations based on sampling from the 

predicted concentrations at the same time as the grab samples were collected are shown 

in Appendix III (Table A.25). 



[95] 
 

 
Table 4.3 Mean median, range, minimum, maximum, standard deviation and standard error of mean for predicted SS concentrations in the study sites 

SS concentration (mg L-1) 

  

N Mean Std. 
Deviation 

Std. 
Error 

5th 
percentile  

30th 
percentile  

50th 
percentile  

90th 

percentile  
Minimum Maximum 

C95 C70 C50 
(median) C10 

Bodilly 59976 29 28 0.1 0 11 22 66 0 357 
Dee 42052 6 13 0.1 0 1 3 14 0 304 
Exe 57840 18 40 0.2 3 3 7 35 2 591 
Fowey 55489 3 10 0.0 1 1 1 4 1 460 
Great Ouse 51544 29 61 0.3 3 3 6 79 2 857 
Milburn 
Beck 62157 6 9 0.0 1 1 3 14 1 380 

Mire Falls 
Gill 58169 15 28 0.1 3 3 8 27 2 492 

Rother 43331 11 18 0.1 1 3 6 25 1 407 
Stinchar 54120 15 29 0.1 1 1 6 32 1 701 
Thames 51862 11 15 0.1 2 4 7 22 1 234 
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Table 4.4 The mean, minimum and maximum SS concentrations in RIVPACS IV End Groups and the study site’s End Group membership 

River 

 
RIVPACS 

IV  
End 

Groups 
Number 

 
Observed 

(grab) mean 
concentration 

(mg L-1)  
2011-2013 

 
Mean SS 

concentration  
(mg L-1) in 

RIVPACS IV 

Mean SS 
concentration  

(mg L-1) in  
the End Group 

Minimum SS 
concentration 

 (mg L-1) in 
the End Group* 

Maximum SS 
concentration   

(mg L-1) in 
the End Group* 

Bodilly  29 17 N/A 8 6 9 
Dee 10 1 2 3 1 6 
Exe 18 13 6 9 1 24 
Fowey 16 2 N/A 4 1 10 
Great Ouse 42 16 45 19 8 45 
Millburn 
Beck 

16 5 8 4 1 10 

Mire Falls 
Gill 

30 17 N/A 13 5 26 

Rother 43 14 31 12 4 31 
Stinchar 14 4 9 4 1 9 
Thames 42 14 19 19 8 45 
*Mean concentrations based on a specified number of samples per site in the RIVPACS database 
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Figure 4.5 SS concentration and discharge between 2011-2013 in River Bodilly and River Dee   
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Figure 4.6 SS concentration and discharge between 2011-2013 in River Exe and River Fowey   
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Figure 4.7 SS concentration and discharge between 2011-2013 in River Great Ouse and River Milburn Beck   
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Figure 4.8 SS concentration and discharge between 2011-2013 in River Mire Falls Gill and River Rother   
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Figure 4.9 SS concentration and discharge between 2011-2013 in River Stinchar and River Thames   
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The degree of variation in mean SS concentrations between contrasting sites presented 

in this Chapter supports the research presented in Chapter 3 that analysed the mean SS 

concentrations derived from low-resolution (monthly) monitoring programmes in 638 

RRC sites in the UK (grouped into 42 ecosystem-types or ‘End Groups’). To provide an 

analogous comparison of the mean concentrations observed in this study against those 

reported in Chapter 3, mean SS concentrations were re-calculated using low-resolution 

grab samples from the sites. Table 4.4 shows the low-resolution SS mean concentrations 

measured in the ten study sites. These are compared to low-resolution mean SS 

concentrations observed in the ten study sites as well as in other RRC sites belonging to 

the same End Groups. All of the river sites monitored between 2011 and 2013, except 

for the River Bodilly, had mean SS concentrations that were within the minimum and 

maximum mean SS concentrations observed in other sites belonging to the same End-

Groups. In case of the River Bodilly, the mean SS concentration of 17 mg L-1 exceeds 

the minimum (6 mg L-1) and the maximum (9 mg L-1) SS concentrations observed in 

sites belonging to the same End Group. This potentially suggests that the site in Bodilly 

Stream is no longer in RRC or has experienced unusual conditions during the study 

period, though there is no historical data from Bodilly to verify this. 

 

Temporal variation of the SS regimes  

Table 4.6 presents the mean annual SS concentration observed in each river site for year 

one (May 2011 to May 2012) and year two (May 2012 to May 2013) of monitoring. 

These data are also illustrated in Figure 4.10 alongside the mean SS concentration for 

the total monitoring period. 

The Kolmogorov-Smirnov normality test showed that SS concentration data in each 

season in all sites were not normally distributed (p<0.001 in all cases) (Appendix III, 

Table A.28). Tests of normality and of the homogeneity of variance were also carried 

out on the transformed SS data (common and natural logarithm, square, square root) 

with the same outcomes. A Mann-Whitney U test was used to determine whether there 

were differences in SS concentration distribution during two seasons in the study sites. 

The results showed that in all sites there was a significant difference in SS 

concentrations distribution for the season 2011-2012 and 2012-2013 (p<0.001 in all 

cases) (Table 4.5). All the river sites except the two most northern river sites (Dee and 

Stinchar) experienced higher mean annual SS concentrations in year two than year one.  
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The mean and the median SS concentrations for season 2011-2012 and 2012-2013 as 

well as for the whole monitoring period are shown in Table 4.6.  

The study also investigated the temporal variations of the discharge data for the two 

hydrological years (2011-2012 and 2012-2013) in the ten sites. A Mann-Whitney U test 

showed statistically significant differences (p<0.05 in all cases) in annual average 

discharge observed in year one and year two for all sites (Appendix III, Table A.31). In 

some sites, the difference in mean annual SS concentration within a river site appears to 

be partially related to the mean annual discharge at the site. For instance, the largest 

difference in mean annual SS concentration was observed in the River Great Ouse, 

which experienced a three-fold increase between year one (14 mg L-1) and year two (42 

mg L-1). This difference corresponds well with the increase in mean annual discharge 

observed at this site in year one (6.37 m3 s-1) and two (19.56 m3 s-1), as presented in 

Table 4.7. 

 

Table 4.5 Mann-Whitney U test results for SS concentrations in two hydrological seasons: 2011-2012 
and 2012-2013 

  Test Statistics a 

SS concentration  
(mg L-1) 

Total N Mann-Whitney U Z-score Sig. 

Bodilly 59976 367071169.5 -29.8 p<0.001 

Dee 42052 206586243.0 -11.3 p<0.001 

Exe 57840 319027842.0 -49.6 p<0.001 

Fowey 55489 367283972.0 -4.8 p<0.001 

Great Ouse 51544 223400349.0 -65.0 p<0.001 

Milburn Beck 62157 431033304.0 -21.5 p<0.001 

Mire Falls Gill 58169 349961844.0 -35.8 p<0.001 

Rother 43331 144907864.5 -67.8 p<0.001 

Stinchar 54120 349391731.0 -9.3 p<0.001 

Thames 51862 329671418.5 -3.8 p<0.001 
a Grouping Variable: Year 
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Table 4.6 Average SS concentration in study sites and the percentage differences between the years 

                                       SS concentration (mg L-1) 
Difference (%) 

between mean SS 
concentration in 
2011-2012 and 

2011-2013 

Difference (%) 
between mean SS 
concentration in 
2012-2013 and 

2011-2013 River 
Year 2011-2012 Year 2012-2013 Year 2011-2013 

Mean Median Mean Median Mean Median 

         
Bodilly 27 19 33 25 29 22 7 -12 
Dee 7 3 6 3 6 3 -14 0 
Exe 16 5 21 11 18 7 13 -14 
Fowey 2 1 4 1 3 1 50 -25 
Great Ouse 14 3 42 16 29 6 107 -31 
Milburn Beck 6 2 6 4 6 3 0 0 
Mire Falls Gill 13 10 17 5 15 8 15 -12 
Rother 8 3 13 8 11 6 38 -15 
Stinchar 18 5 12 7 15 6 -17 25 
Thames 11 8 11 7 11 7.5  0 0 
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Table 4.7 Average discharge for the study sites for years: 2011-2012, 2012-2013, 2011-2013 and historical average (CEH, 2014b) 

  Mean discharge* (m3 s-1) Historical 
mean 

discharge** 
(m3 s-1) 

 

Difference (%) 
between historical 

mean discharge 
and mean 

discharge in year 
2011-2012 

Difference (%) 
between historical 

mean discharge and 
mean discharge in 

year 2012-2013 

Difference (%) 
between historical 

mean discharge and 
mean discharge in 

year 2011-2013 
River  

Year Year Year 

2011-2012 2012-2013 2011-2013 

Bodilly 0.1 0.3 0.2 N/A N/A N/A N/A 
Dee 17.3 13.9 15.6 15.7 10 -12 -1 
Exe 8.9 11.9 10.4 12.7 -30 -6 -18 
Fowey 0.2 0.3 0.3 0.2 -17 42 17 
Great Ouse 6.4 19.6 13.2 11.5 -45 71 15 

Milburn Beck 0.1 0.1 0.1 N/A N/A N/A N/A 

Mire Falls Gill 0.1 0.1 0.1 0.1 -29 57 14 

Rother 1.4 4.4 2.8 3.0 -53 46 -7 
Stinchar 3.2 2.8 3.0 2.6 24 7 15 
Thames 16.3 55.9 36.1 34.5 -53 62 5 
* Discharge data (15-minute resolution) for the study sites from the river’s gauging stations monitored by the Environment Agency between May 2011-May 2013. ** Historical 
mean discharge data for the study sites from the National River Flow Archive supplied by the Centre for Ecology and Hydrology where available. Discharge data are area-
corrected (where the gauging stations are upstream or downstream of the study sites to account for the percentage decrease or increase of the catchment area influence on the 
discharge values)
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Figure 4.10 Interquartile SS range and average SS concentration for ten study sites for years: 2011-2012, 2012-2013 and 2011-2013. (“Circle” represents the mean SS values 
and the “diamond” represents the median values)
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In contrast, the relationship between mean annual SS and mean annual discharge is not 

evident for the Thames site, which experienced remarkably similar mean annual SS 

concentrations in year one (10.94 mg L-1) and year two (10.86 mg L-1), despite 

experiencing contrasting mean annual discharges in year one (16.34 m3 s-1) and year 

two (55.90 m3 s-1).  

To ascertain how representative the current study (2011-2013) was of the typical 

hydrological conditions in the study sites, the inter-annual variation in river discharge 

(mean and median) for the 2011-2012 monitoring year, the 2012-2013 monitoring year, 

and the combined 2011-2013 period, was also examined against the mean historical 

long-term discharge data from the gauging stations located in closest proximity to the 

study sites (Table 4.7). The comparison of mean historical long-term discharge data and 

the mean discharge data for the period of study (2011-2013) shows similarities between 

the two, although this cannot be statistically tested. The percentage difference between 

the historical mean discharge and the mean discharge during 2011-2013 seasons varies 

between 1-18%, therefore suggesting that the discharge during the period of study is 

representative of the average discharge conditions in those locations (Table 4.7). 

These results suggest that although the individual mean annual SS concentrations 

reported in this chapter represent observations from a drier than average year and a 

wetter than average year for each site, the combined mean SS concentration for each 

site for the whole monitoring period (2011-2013) may be considered to be fairly 

representative of average hydrological conditions for each site and perhaps therefore 

average SS conditions for each site. Of course mean values can conceal significant 

inter-annual differences in the dynamics of both SS and discharge, distorting any 

relationships between these parameters. For example, although the mean annual SS 

concentrations for the Thames were similar in year one and year two, the Mann-

Whitney U test showed that the distribution of SS concentrations are statistically 

significantly different between the two years (Appendix III, Table A.29). Details of the 

gauging stations (Grid Reference, river catchment descriptions and period of discharge 

records collection) are shown in Appendix III (Table A.33). 

 

The investigation into a frequency of the SS concentrations also examined the inter-

annual variations between them. Bilotta et al. (2010) suggest that concentration-
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frequency curves provide a better indication of the temporal dynamics of SS and the 

duration/frequency of exposure of aquatic communities to given concentrations. 

Furthermore concentration-frequency curves offer clear evidence of the 

duration/frequency of exceedance of current EU guidelines for SS in any ecosystem. 

The results show that the river that exceeded the guideline of 25 mg L-1 most frequently 

during the study period (2011-2013) was Bodilly (45% of the time), followed by Great 

Ouse (29%), and Exe (16%) (Figure 4.21). The rivers that complied with the guideline 

for most of the time (>95% of time) during the sampling period were: Fowey, Milburn 

Beck and Dee (Figure 4.21). The results also show that the largest inter-annual 

variations in compliance with the current guidelines was observed in Great Ouse where 

the SS concentrations of 25 mg L-1 were exceeded 17% of time during 2011-2012, 

whilst in the following year those concentrations were exceeded 40% of time. SS 

concentration frequency results for 2011-2012 and 2012-2013 are shown in Figures 

4.11 to 4.20 (the black dashed line in each figure indicates the current EU guideline of 

25 mg L-1). 
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Figure 4.11 SS concentration frequency in River Bodilly (dashed line indicates the current EU guideline 
of 25 mg L-1) 

 

 
Figure 4.12 SS concentration frequency in River Dee (dashed line indicates the current EU guideline of 25 
mg L-1) 
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Figure 4.13 SS concentration frequency in River Exe (dashed line indicates the current EU guideline of 25 
mg L-1) 

 

 
Figure 4.14 SS concentration frequency in River Fowey (dashed line indicates the current EU guideline of 
25 mg L-1) 
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Figure 4.15 SS concentration frequency in River Great Ouse (dashed line indicates the current EU 
guideline of 25 mg L-1) 

 

 
Figure 4.16 SS concentration frequency in Milburn Beck (dashed line indicates the current EU guideline 
of 25 mg L-1) 
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Figure 4.17 SS concentration frequency in Mire Falls Gill (dashed line indicates the current EU guideline 
of 25 mg L-1) 

 

 
Figure 4.18 SS concentration frequency in River Rother (dashed line indicates the current EU guideline of 
25 mg L-1) 
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Figure 4.19 SS concentration frequency in River Stinchar (dashed line indicates the current EU guideline 
of 25 mg L-1) 

 

 
Figure 4.20 SS concentration frequency in River Thames (dashed line indicates the current EU guideline 
of 25 mg L-1) 
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Figure 4.21 SS concentration frequency in all study sites during 2011-2013 (dashed line denotes the current EU guideline for SS concentrations of 25 mg L-1) 
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Impacts of sampling frequency on SS concentrations 

Temporal variations in discharge and SS are natural phenomena that shape biological 

communities and therefore it is important that (a) water quality guidelines acknowledge 

this, and (b) the sampling frequencies enable accurate assessments of compliance with 

these water quality guidelines. As described in section 4.3.3, to assess the accuracy of 

the sampling frequency that is currently used as part of routine regulatory water quality 

monitoring, the high-resolution (15-minute frequency) SS data collected during this 

study were systematically subsampled to imitate sampling at: one, 12 and 24 hour, 

weekly and monthly intervals and recalculated. Average SS concentrations as if 

obtained from different sampling regimes are shown in Table 4.8.  

Analysis of percentage differences between SS concentration in high resolution 

sampling (every 15 minutes) and lower resolution sampling (every one, 12 and 24 

hours, once a week and monthly) showed that they vary between rivers and sampling 

regimes. The biggest overestimation in mean SS concentrations was observed in the 

River Fowey (93.9%) between 15-minute sampling and weekly sampling (Table 4.9).  

The biggest underestimation in median SS concentrations between 15-minute sampling 

and a monthly sampling was observed in Milburn Beck (54.5%) and the overestimation 

in River Mire Falls Gill (45.8%) (Table 4.10). The analysis of the absolute differences 

showed that the biggest difference was recorded in River Great Ouse (12.8 mg L-1) 

between mean SS concentrations from 15-minute sampling and mean SS concentration 

from weekly sampling (Table 4.11). The largest absolute difference for median SS 

concentrations was noted in Mire Falls Gill (3.5 mg L-1) between 15-minute sampling 

and monthly sampling (Table 4.12). Results presented in Table 4.11 and Table 4.12 

show that differences between high-resolution and low-resolution sampling regimes are 

very variable, but without any evident trends. This suggests that the underestimation or 

overestimation the SS concentration in lower resolution sampling is a result of random 

rather than systematic errors. However, the mean percentage differences between 

sampling regimes (as calculated for all ten rivers) seem to increase as the sampling 

resolution is becomes less frequent. This trend is also noticeable for the absolute 

differences.  
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Table 4.8 Average SS concentration in study sites in different sampling regimes 

    SS concentration (mg L-1) 
    15min 

resolution 
1h 

resolution 
12h 

resolution 
24h 

resolution 
Weekly 

resolution 
Monthly 

resolution 
Bodilly Mean  29.00 28.45 26.68 26.27 27.76 23.07 
 St. Dev. 28.17 27.57 24.76 23.29 23.86 18.48 
  Median 21.74 21.51 20.52 21.28 22.95 20.52 
Dee Mean  6.42 6.41 6.57 6.93 5.77 7.15 
 St. Dev. 13.17 13.10 13.19 12.53 8.29 10.38 
  Median 3.25 3.25 3.25 3.45 3.30 3.50 
Exe Mean  18.28 18.41 18.27 19.26 17.54 19.17 
 St. Dev. 40.49 40.95 40.72 40.07 25.77 38.32 
  Median 6.84 6.84 6.79 6.79 7.87 7.02 
Fowey Mean  3.00 3.04 2.95 3.21 5.81 2.99 
 St. Dev. 10.21 10.42 8.40 10.27 24.40 3.57 
  Median 1.35 1.35 1.35 1.35 1.35 1.71 
Great Ouse Mean  29.38 29.41 25.95 23.59 16.56 27.17 
 St. Dev. 61.44 61.92 50.82 42.78 27.69 39.14 
  Median 5.52 5.47 4.60 4.03 3.14 3.19 
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Table 4.8 (cont.) Average SS concentration in study sites in different sampling regimes 

    SS concentration (mg L-1) 
    15min 

resolution 
1h 

resolution 
12h 

resolution 
24h 

resolution 
Weekly 

resolution 
Monthly 

resolution 
Milburn Beck Mean  5.71 5.43 5.33 5.04 6.03 3.25 
 St. Dev. 9.20 8.67 7.92 8.86 16.09 3.78 
  Median 2.97 2.80 2.89 2.47 2.64 1.35 
Mire Falls Gill Mean  15.34 15.22 14.68 14.71 12.62 23.50 
 St. Dev. 28.00 27.46 25.49 25.95 21.34 43.26 
  Median 7.69 7.69 7.61 7.52 7.86 11.21 
Rother Mean  10.85 11.02 10.99 10.41 10.18 5.66 
 St. Dev. 17.66 17.90 17.50 15.42 15.39 4.69 
  Median 6.08 6.18 6.53 6.21 6.78 4.30 
Stinchar Mean  14.56 14.61 14.79 15.07 11.33 8.34 
 St. Dev. 28.52 28.64 28.91 28.74 16.03 10.17 
  Median 6.16 6.16 6.26 6.58 5.69 4.81 
Thames Mean  10.90 10.95 10.82 10.95 8.93 12.43 
 St. Dev. 15.01 15.10 15.22 15.55 8.40 11.87 
  Median 7.45 7.41 7.36 7.29 5.75 7.70 
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Table 4.9 Percentage differences between mean SS concentrations in different sampling frequency 
regimes in study sites 

Percentage differences between mean SS concentration (mg L-1) sampled 
every 15 min and: 

River 1h 12h 24h weekly monthly 

Bodilly -1.9 -8.0 -9.4 -4.3 -20.5 

Dee -0.3 2.3 7.9 -10.2 11.4 

Exe 0.7 -0.1 5.3 -4.1 4.8 

Fowey 1.4 -1.4 7.0 93.9 -0.3 

Great Ouse 0.1 -11.7 -19.7 -43.7 -7.5 

Milburn Beck -4.9 -6.6 -11.6 5.7 -43.0 

Mire Falls Gill -0.8 -4.3 -4.1 -17.8 53.1 

Rother 1.5 1.3 -4.0 -6.1 -47.8 

Stinchar 0.3 1.6 3.5 -22.2 -42.7 

Thames 0.4 -0.7 0.5 -18.1 14.1 

Mean 1.2 3.8 7.3 22.6 24.5 
 

 

Table 4.10 Percentage differences between median SS concentrations in different sampling frequency 
regimes in study sites  

Percentage differences between median SS concentration (mg L-1) sampled 
every 15 min and: 

River 1h 12h 24h weekly monthly 

Bodilly -1.0 -5.6 -2.1 5.6 -5.6 

Dee 0.0 0.0 6.3 1.6 7.8 

Exe 0.0 -0.8 -0.8 15.0 2.5 

Fowey 0.0 0.0 0.0 0.0 26.5 

Great Ouse -1.0 -16.7 -27.0 -43.2 -42.3 

Milburn Beck -5.4 -2.7 -16.7 -11.0 -54.5 

Mire Falls Gill 0.0 -1.1 -2.2 2.2 45.8 

Rother 1.7 7.4 2.1 11.5 -29.4 

Stinchar 0.0 1.5 6.8 -7.7 -22.0 

Thames -0.6 -1.3 -2.2 -22.9 3.4 

Mean 1.0 3.7 6.6 12.1 24.0 
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Table 4.11 Absolute differences between mean SS concentrations in different sampling frequency 
regimes in study sites 

Absolute difference between mean SS concentration (mg L-1) sampled 
every 15 min and: 

River 1h 12h 24h weekly monthly 

Bodilly 0.6 2.3 2.7 1.2 5.9 

Dee 0.0 0.1 0.5 0.7 0.7 

Exe 0.1 0.0 1.0 0.7 0.9 

Fowey 0.0 0.0 0.2 2.8 0.0 

Great Ouse 0.0 3.4 5.8 12.8 2.2 

Milburn Beck 0.3 0.4 0.7 0.3 2.5 

Mire Falls Gill 0.1 0.7 0.6 2.7 8.2 

Rother 0.2 0.1 0.4 0.7 5.2 

Stinchar 0.1 0.2 0.5 3.2 6.2 

Thames 0.0 0.1 0.1 2.0 1.5 

Mean 0.1 0.7 1.3 2.7 3.3 

 

Table 4.12 Absolute differences between median SS concentrations in different sampling frequency 
regimes in study sites 

Absolute difference between median SS concentration (mg L-1) sampled 
every 15 min and: 

River 1h 12h 24h weekly monthly 

Bodilly 0.2 1.2 0.5 1.2 1.2 

Dee 0.0 0.0 0.2 0.1 0.3 

Exe 0.0 0.1 0.1 1.0 0.2 

Fowey 0.0 0.0 0.0 0.0 0.4 

Great Ouse 0.1 0.9 1.5 2.4 2.3 

Milburn Beck 0.2 0.1 0.5 0.3 1.6 

Mire Falls Gill 0.0 0.1 0.2 0.2 3.5 

Rother 0.1 0.5 0.1 0.7 1.8 

Stinchar 0.0 0.1 0.4 0.5 1.4 

Thames 0.0 0.1 0.2 1.7 0.3 

Mean 0.1 0.3 0.4 0.8 1.3 

 

  



[120] 
 

Predicting/modelling SS concentrations 

As described in Chapter 3, it is possible to develop statistical models capable of 

predicting a site’s membership of a specified SS concentration range based on a variety 

of environmental parameters associated with the site’s catchment. To validate its 

performance, the MDA model developed in Chapter 3 was used to predict the group 

membership and the probabilities of the group membership based on the environmental 

variables selected by it as most influential on the sites’s mean SS concentration.  

Comparison of the mean SS concentrations from high-resolution data obtained during 

the current study with the models’ predicted group allocation, showed that the model 

predicted correctly a site’s group allocation in five cases and allocated to the correct or 

the next closest group in four cases. This equates to 90% of sites being correctly 

allocated to the correct or the next closest group (Table 4.13). Comparison of the mean 

SS concentrations from grab samples obtained during the current study with the model 

predicted group allocation, showed that the model also predicted correctly a site group 

allocation in five cases and allocated to the correct or the next closest group in four 

cases. This equates to 90% of sites being correctly allocated to the correct or the next 

closest group (Table 4.13). The only site where the mean SS concentration during 2011-

2013 (from high-resolution data and grab samples) did not conform to the model 

prediction was the River Bodilly where a mean SS concentration equalled 29 mg L-1 and 

the allocation was to group 1 (0-7.99 mg L-1) or groups 1 and 2 (0-15.99 mg L-1). As 

previously stated, this outcome could suggest that the site experienced higher influxes 

of SS during the sampling period 2011-2013 in comparison with average conditions, or 

is no longer in RRC. Table 4.13 shows the mean SS concentration from the current 

high-resolution study; grab samples collected during this study; and historical (low-

resolution) mean SS concentration from the RIVPACS IV database; The table 4.13 also 

shows the allocated group membership (based on the RIVPACS’ mean SS 

concentration),the modelled predicted group allocation as well as the probabilities of the 

sites belonging to those allocated groups.   
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Table 4.13 Probabilities of the allocation of the ten study sites to a given SS class (ranges of 8 mg L-1), using the environmental factors from the Stepwise MDA model  

 Mean SS concentration 
(mg L-1) 

 
Allocated 

group  
number 

 
Predicted 

group  
allocation 

 
Probability (%) of allocation to: 

River  
2011-2013 

High- 
resolution 

data 

 
2011-2013  

Grab 
samples 

 
RIVPACS 

IV 

 
Group 1 
0.00-7.99  

mg L-1 

 
Group 2 

8.00-15.99 
mg L-1 

 
Group 3 

16.00-23.99 
mg L-1 

 
Group 4 
≥24 

mg L-1 

The correct 
group or 

the next closest 
 
 

Bodilly 29 17 N/A N/A 1 53.2 40.8 5 1.1 93.9 

Dee 6 1 2 1 1 98.3 1.4 0.1 0.2 99.7 

Exe 18 13 6 1 2 13.7 57.2 18.6 10.5 89.5 

Fowey 3 2 N/A N/A 1 83.9 13.9 1.8 0.4 97.8 

Great Ouse 29 16 45 4 4 0.6 19.3 35.8 44.3 80.1 

Millburn 

Beck 

6 5 8 2 1 97.6 1.8 0.5 0.2 99.4 

Mire Falls 

Gill 

15 17 N/A N/A 2 18.9 46.7 14.9 19.4 80.6 

Rother 11 14 31 4 3 1.6 14.2 70.6 13.7 98.4 

Stinchar 15 4 9 2 1 82.8 15.1 1.3 0.9 97.9 

Thames 11 14 19 3 3 1.3 13 68.2 17.5 98.7 
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4.5 Discussion  

Spatial and temporal variation of the SS regimes 

The study revealed significant differences in SS regimes between rivers that are in 

RRC. The results show over nine-fold differences in the mean SS concentrations 

between the ten contrasting river sites that were monitored between 2011 and 2013. 

Five of the river sites studied (Dee, Fowey, Milburn Beck, Rother and Thames) had 

mean SS concentrations that were less than half the concentration of the EU guideline. 

In the case of the River Fowey the mean SS concentration was over eight times lower 

than the EU guideline and over four times lower for the River Dee and Milburn Beck. 

Although these five river sites would be deemed as being compliant with the current 

guideline, it is questionable whether the current guideline is appropriate for them, as 

previous research has demonstrated that detrimental impacts can be experienced by 

some freshwater organisms, of all trophic levels, when exposed to sediment 

concentrations below 25 mg L-1 (Table 3.5). Furthermore, in streams where SS 

concentrations are typically low, an annual mean of 25 mg L-1 would represent a large 

increase in SS and would therefore be a cause for concern (UKTAG, 2008a). 

Consequently this suggests that it is likely that some ecosystems require much lower 

guideline values in order to be effectively protected. 

Two of the river sites studied, the Bodilly and the Great Ouse, had mean SS 

concentrations (29 mg L-1) that exceed the current EU guideline. However, according to 

UKTAG (2008a) exceedance of the annual mean SS concentration should not 

automatically classify the freshwater ecosystem as not being in good ecological 

condition. As the study was conducted in sites that are in RRC, it could be suggested 

that those SS conditions are typical and can be expected in these types of environments. 

If that is the case it would suggest that the aquatic organisms found in these ecosystems 

are adapted to those SS conditions or may inhabit different reaches of the stream 

throughout their life-cycle (Kemp et al., 2011). This would also mean that these 

ecosystems are in good ecological condition yet unable to conform to the current 

guidelines. 

This degree of spatial variation in mean SS concentrations between contrasting sites 

supports earlier research by Bilotta et al. (2012) that analysed the mean SS 

concentrations derived from low-resolution (monthly) monitoring programmes in 638 
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RRC sites in the UK (grouped into 42 ecosystem-types or ‘End Groups’) as well as the 

results reported in Chapter 3. Similarly Bilotta et al. (2012) reported that the mean SS 

concentrations in the 42 End Groups, varied between 1.7 and 26 mg L-1, with one of the 

groups having a mean background concentrations of SS in excess of the EU guideline, 

despite being in RRC. Additionally, the study by Bilotta et al. (2012) also found that 

78% of the investigated ecosystems had the mean background SS concentrations lower 

than 12.5 mg L-1, half of the EU guideline. The implications of the findings in this study 

and the study by Bilotta et al. (2012) are that the EU’s current blanket water quality 

guideline is inappropriate for some ecosystem-types which will be non-compliant with 

the guideline regardless of the intensity of land-use.  

The analysis of the temporal variations in SS regimes also showed significant 

differences in the mean annual SS concentrations observed between year one (2011-

2012) and year two (2012-2013). The temporal variations were also observed in the 

discharge regimes in all rivers during those two years. The greatest difference was 

observed in the Great Ouse river site, which experienced a three-fold increase between 

year one (14 mg L-1) and year two (42 mg L-1). This difference corresponds well with 

increases in mean annual discharge observed at this site between year one (6.37 m3 s-1) 

and year two (19.56 m3 s-1). The average discharge for the 2011-2013 monitoring period 

was within 20% of the historical average annual discharge for each site (where data 

were available). Therefore although the individual mean annual SS concentrations 

reported in this study represent observations from a drier than average year and a wetter 

than average year for each site, the combined mean SS concentration for each site for 

the whole monitoring period (2011-2013) may be considered to be fairly representative 

of average hydrological conditions for each site and perhaps therefore average SS 

conditions for each site.  

The temporal variation of SS was also shown in the concentration-frequency analysis 

that illustrated rivers’ SS dynamics in more ecologically meaningful statistics than 

simple measures such as SS minimums, means and maximums and demonstrated how 

frequently certain SS conditions can be observed in given environments. The current 

study showed that in 90% of the time (C10) SS concentration varied between 4 and 79 

mg L-1 in ten studied sites but reached maximum concentrations of 234-857 mg L-1 in 

the remaining 10% of time. Furthermore the study showed that the aquatic communities 

found in these locations are experiencing SS conditions that exceed the current 
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recommended SS threshold of ≥25 mg L-1 between 1.2% (River Fowey) and 45% (River 

Bodilly) of the time.  

 

Sampling programme design 

The analysis of percentage differences between SS concentration in high-resolution 

sampling (every 15 minutes) and lower resolution sampling (every one, 12 and 24 

hours, once a week and once a month) showed that they vary between rivers and 

sampling regimes. For all study sites, weekly and monthly sampling showed the highest 

differences in mean SS concentration estimations in relation to the mean concentrations 

derived from 15-minute sampling frequencies. In one case, the mean SS concentrations 

derived from weekly sampling were up to 94% higher (e.g. River Fowey) in comparison 

with values derived from 15-minute sampling frequency, with an average difference of 

22.6% for all ten sites. In turn, the mean SS concentrations derived from monthly 

sampling were up to 53% higher (e.g. Mire Falls Gill) in comparison with values 

derived from 15-minute sampling frequency, with an average difference of 24.4% for all 

ten sites. 

Similar differences have been reported by other researchers (Coynel et al., 2004, 

Skarbovik et al., 2012, Thompson et al., 2014). A study by Thompson et al. (2014) 

examined the influence of sampling resolution (based on systematic and random data 

subsampling) on SS load estimation and showed great variations in the percentage 

differences of the true value which differed between 0.9% and 48.7% in one of the 

studied catchments. A study by Bowes et al. (2009), based on data which were 

systematically subsampled to mimic different time intervals, showed great variations in 

annual load estimates derived from different sampling regimes. The estimates however 

differed between the nutrients (total phosphorus TP, total oxidisable nitrogen TON and 

dissolved reactive silicon Si) as well as between sampling frequencies (monthly, 

fortnightly, weekly, daily, 12 hourly). For instance in the case of TN the monthly 

sampling produced annual load estimates that deviated greatly from the true annual load 

between -21% and 35.2% depending on what day of the month the sample was taken. 

Weekly sampling reduced the differences to between -1.7% and 15.4% and therefore 

produced much improved annual load estimates. Further improvement in the accuracy 

of load estimations was observed in daily sampling where the percentage differences 



[125] 
 

were reduced further to between 0% and 4%. On the other hand, percentage differences 

in monthly, weekly and daily sampling in the case of dissolved silicon were smaller 

than in the case of total phosphorus. For monthly sampling, errors varied between -3.5% 

and 15.4%, in weekly frequency between -5.8% and 5.3%, and were reduced to -0.8% 

and 1.1% by a daily programme.  

Thompson et al. (2014) however also acknowledge that sampling at higher resolutions 

maybe be impractical for some monitoring efforts. For example, samples still have to be 

collected and returned to the laboratories for analysis if in-situ analytical devices are not 

available. Even if the in-situ analytical equipment is available, it can suffer from 

breakdowns, bio-fouling or data drift (if not regularly maintained and calibrated). This 

adds further concerns of extra costs, labour, sample stability and integrity as well as 

quality of collected data (Halliday et al., 2012). Furthermore the aim and the setting of a 

study might not require such demanding efforts. For example, if the study is not setting 

out to investigate the temporal variability or long-term trends in water quality 

parameters then lower frequency sampling might be an adequate resolution. Similarly, if 

the investigation involves monitoring unpolluted sites, or as in the case of this study 

sites in good ecological conditions, low-resolution sampling could be satisfactory. This 

is indicated by the results observed in this study, which looked not only at percentage 

differences between average SS concentrations obtained in high and low frequency 

sampling, but also at the absolute differences between these averages. For example in 

this study the highest percentage difference (93.9% between 15-minute and a weekly 

sampling resolution in River Fowey) equated to a 2.8 mg L-1 absolute difference, and it 

could be debated whether the sampling effort invested in the high-resolution monitoring 

is required or necessary. This decision however would have to be carefully considered 

by the parties and participants involved in the monitoring schemes taking into 

consideration factors such as aims and objectives of such programmes, their costs, and 

labour and equipment reqirements. 

Nevertheless, the implications of the findings in this study suggest that caution is 

appropriate when drawing conclusions from low-resolution studies. As the differences 

are not consistent or systematic and vary in both directions, a simple assumption that 

less intense sampling underestimates the “true” values as is regularly inferred in 

literature (Coynel et al., 2004; Thompson et al., 2014) should not be drawn. Based on 

the results of the current study it could be suggested that water quality managers should 
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place low confidence in assessments of compliance with water quality guidelines, when 

mean annual concentrations are based on weekly or monthly resolution sampling. As 

such, high-resolution monitoring of SS would be recommended in order to make a more 

accurate assessment of compliance with water quality guidelines.  

The WFD recommends that sampling for the purposes of surveillance monitoring of 

surface waters be done a minimum of four times a year but allows the member states an 

option “to tailor their monitoring frequencies according to the conditions and variability 

within their own waters” (EC, 2003). The WFD also recognises that those sampling 

programmes frequencies will differ greatly between water quality elements, water body 

types, areas and countries. It also acknowledges that if the quality elements that are to 

be monitored are temporally variable or spatially discontinuous, more intensive 

sampling may be required than for quality elements that are temporally stable and 

spatially continuous. The observations of this study suggest that SS may be an example 

of one such temporally variable or spatially discontinuous water quality parameter. In 

this study the difference of up to 53% equated to 8.2 mg L-1, which some might 

consider to be relatively small, however, it is important to note that this study monitored 

RRC rivers. The same percentage difference on a polluted river with higher mean 

annual SS concentrations would result in larger absolute differences and potentially 

significant differences in assessment of compliance (Skarbovik et al., 2012). 

 

Predicting/modelling SS concentrations 

The environmental parameters that were selected by the MDA model as having the 

strongest influence on forecasting the SS range were also used in the validation process. 

Those parameters were: mean annual temperature, distance from source, mean altitude 

of upstream catchment, time upstream catchment soils are wet, the percentage of 

catchment area covered by River Habitat Survey’s (RHS) Solid Geology Superclass 0, 

3, 4, 6, and 8 (none, clay, shale, chalk and hard rocks respectively) (Table 3.4). As 

discussed in Chapter 3, these factors are well-known determinants of the levels of 

erosion and therefore SS delivery in catchments.  

The model developed in Chapter 3 and validated with the SS data collected during this 

high-resolution study, predicted the study sites’ membership to the correct group in 50% 

of cases and the correct group or the next closest group in 90% of cases. This result is 
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similar to the performance of the MDA model developed in Chapter 3 using 638 

RIVPACS sites capable of predicting mean SS concentrations to the correct range or 

next closes range in 92% of cases. In one site (River Bodilly) the mean SS 

concentration during 2011-2013 (29 mg L-1) did not conform to the model prediction 

allocation to group 1 (0-7.99 mg L-1) or groups 1 and 2 (0-15.99) mg L-1. Nevertheless, 

the results show a significant advancement on the current blanket water quality 

guideline for SS which allocates all sites into one range size of 0.00≤25.00 mg L-1.  

 

4.6 Conclusion  

The results from this high-resolution contemporary study support the research 

hypothesis that there are significant differences in the SS regimes that are observed in 

contrasting ecosystems. These distinctions can be identified as spatial and temporal. Up 

to nine-fold differences were observed in the mean SS concentrations between the ten 

contrasting river sites that were monitored between 2011 and 2013. Two of the river 

sites studied, Bodilly and Great Ouse, had mean SS concentrations (29 mg L-1) that 

exceed the current EU guideline despite being in RRC, although this was not detected 

by lower-resolution (grab) sampling. The implications of this finding are that the EU’s 

current blanket water quality guideline is inappropriate for these specific river sites 

which may be non-compliant with the guideline regardless of the intensity of land-use. 

The remaining eight river sites had mean SS concentrations that were below the current 

EU guideline, with five of these experiencing mean SS concentrations that were less the 

half of the current EU guideline. Although these five river sites would be deemed as 

being compliant with the current guideline, it could be suggested that they could require 

much lower guideline values in order to be effectively protected.  

The analysis of temporal variation of SS showed that there are statistically significant 

differences in the mean annual SS concentrations observed between year one (2011-

2012) and year two (2012-2013). The greatest difference was observed in the Great 

Ouse river site, which experienced a three-fold increase between year one (14 mg L-1) 

and year two (42 mg L-1). The average discharge for the 2011-2013 monitoring period 

was within 20% of the historical average annual discharge for each site (where data 

were available), suggesting that the combined mean SS concentration for each site for 

the whole monitoring period (2011-2013) may be considered to be representative of 
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average hydrological conditions for each site and perhaps therefore average SS 

conditions for each site.  

Whilst this might be the case, the evidence from this and other studies show that mean 

values can conceal significant inter-annual differences in the dynamics of SS and be 

achieved in many ways, with each potentially having differing effects on the ecology. 

The concentration-frequency analysis conducted in this study suggests that ecosystems 

in RRC can be experiencing possibly adverse effects of SS concentrations of ≥25 mg L-1 

between 1.2% and 45% of the time. These outcomes support a view that some 

freshwater organisms and communities depend on SS variability (Gregory and Levings, 

1998, Gregory and Northcote, 1993, Henley et al., 2000) and are therefore adapted to 

such conditions.  

The results from this study also support the research hypothesis that the monitoring 

frequencies influence the outcomes of SS monitoring programmes. This study assessed 

the accuracy of the sampling frequency that is currently used as part of routine 

regulatory water quality monitoring. The results demonstrate that mean SS 

concentrations derived from monthly sampling frequencies were up up to 53% higher 

than the values derived from 15-minute sampling frequency, with an average difference 

of 24.4% for all ten sites. These differences however vary in both directions and there is 

no simple correction that can be applied. Whilst in this study the differences of up to 

53% equalled to 8.2 mg L-1, which some might consider to be relatively small, it is 

important to note that this study monitored RRC rivers. The same percentage 

differences on a polluted river with higher mean annual SS concentrations would result 

in larger absolute differences and potentially significant differences in assessment of 

compliance. Based on the results of the current study it could be suggested that water 

quality managers should place low confidence in assessments of compliance with water 

quality guidelines, when mean annual concentrations are based on monthly-resolution 

sampling. The observations of this study suggest that SS is a temporally variable and 

spatially discontinuous water quality parameter that requires high-resolution monitoring 

in order to make an accurate assessment of compliance.  

The results also support the research hypothesis that the mean annual SS concentration 

can be predicted by the environmental characteristics of the stream/river catchment. An 

evaluation of the statistical model developed in Chapter 3 to predict a site’s mean SS 
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concentration ranges (0.00-7.99; 8.00-15.99; 16.00-23.99; and ≥ 24 mg L-1) against the 

mean SS concentration data collected during this study showed reassuring outcomes. 

The model predicted correctly a site’s group allocation to the correct or the next closes 

group in nine out of ten cases. There was only one ecosystem where the mean SS 

concentration during 2011-2013 did not conform to the model prediction. As such the 

model that has been developed in Chapter 3 and validated here does represent a 

significant improvement on the current guideline for SS and could be considered as a 

potential tool in managing freshwater resources and devising SS targets.    

In conclusion, the results presented in this chapter clearly demonstrated the need for 

more advanced water quality guidelines that take into account natural spatial and 

temporal variations of SS. The findings in this study suggest that some freshwater 

communities might be adapted to naturally low SS background concentrations or in 

contrast can tolerate SS condition which otherwise might be considered unfavourable. 

Hence the findings also support a view that water quality guidelines for SS should be 

more ecologically meaningful. More detailed evidence for this proposition will be 

provided in Chapter 5. 
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5. Chapter Five: Water quality guidelines for suspended 
sediment – ecological evidence from contemporary 
high-resolution monitoring in contrasting RIVPACS 
reference-condition freshwater ecosystems  
 

5.1 Introduction  

As already demonstrated in Chapter 4, SS is a hugely dynamic and temporally variable 

component of the aquatic ecosystem. It can pass through the system in a single pulse or 

as a series of pulses, or be at a fairly constant and stable level with each of the 

conditions having potentially different impact on aquatic organisms (Bilotta et al., 

2010). Whilst provision of statistics other than just the means (e.g. minimums, 

maximums, and quartiles) improves our understanding of the SS dynamics in the river 

environment, it still does not provide us with enough information about the duration of 

exposure to SS or the number of such events. Duration of exposure, frequency of events 

and severity of events are gradually becoming recognised by the scientific community 

as factors affecting aquatic biota alongside SS concentrations since the work of 

Newcombe and MacDonald (1991) and Newcombe and Jensen (1996). 

This recognition however has not yet been acknowledged in the water quality standards 

for SS despite some researchers proposing the development of a concentration-duration-

frequency curve approach as a tool of assessing the threat of excessive SS 

concentrations on aquatic biota (Diehl and Wolfe, 2010, Schwartz et al., 2008, Schwartz 

et al., 2011). A simplified interpretation of this approach was demonstrated in Chapter 4 

in the SS concentration-frequency analyses that illustrated SS temporal dynamics in the 

studied ecosystems and the duration/frequency of exposure to given concentrations 

(Figures 4.11 to 4.20).  

This Chapter (5) examines how contrasting RRC streams and rivers vary in terms of the 

duration of SS events (defined as exposure to a particular SS concentration), and the 

frequency of such events as well as their severity. In this research, the duration, 

frequency and severity of SS events are investigated in relation to fish species as it is 

one of the most well researched taxonomic groups of aquatic organisms. An 

examination of SS events, (e.g. their concentrations and durations) taking place in the 

natural environments can offer some evidence about the SS conditions that the aquatic 
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organisms observed in these ecosystems experience. Consequently such knowledge can 

lead to the development of evidence-based environment-specific more ecologically 

meaningful SS targets.  

 

5.2 Research aims  

(1) To explore the predicted effects of the observed SS concentration-duration-

frequencies on fish assemblages in the contrasting RRC streams and rivers. 

(2) To develop concentration-duration-frequency curves as an alternative method of 

defining guidelines for SS. 
 
 

5.3 Methods  

This part of the research is based on the review of 80 articles and reports on fish 

responses to SS in streams and estuaries by Newcombe and Jensen (1996) which led to 

the development of SS concentrations-duration thresholds that are related to the 

behavioural and physiological responses of different taxonomic fish groups and their 

life stages. Based on the findings of that review, a range of SS concentrations and 

durations of exposure was selected to quantify the number of SS events and their 

severity that were observed in the ten study sites between 2011-2013. The taxonomic 

fish groups and their life stages selected for the investigation (following Newcombe and 

Jensen classification) were: adult salmonids, juvenile salmonids, eggs and larvae of 

salmonids and non-salmonids, adult freshwater non-salmonids. Table 5.1 displays the 

scale of the severity (SEV) of ill effects associated with excess SS for these fish 

assemblages.  

In order to explore the predicted effects of the SS concentrations (observed in the ten 

study sites described in Chapter 4), on fish assemblages, the frequency and duration of 

events over a SS concentration of interest was quantified using a method developed by 

Robinson and Roby (2006) and Schwartz et al. (2008). Details of the method 

development can be found in Schwartz et al. (2008) but they are described here briefly.  
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Poisson Arrival Approach 

The Poisson Arrival Approach method involves observing the frequency and duration of 

events over a chosen SS concentration (SS0) during intermittent peaks in SS 

concentrations. Figure 5.1 shows SS concentration plotted against time and showing 

several crossings of the SS0 (the SS concentration of interest). The time where SS 

concentration is less than SS0 is identified as Di. The occurrence of SS peak events and 

their duration are assumed to be random and similar to a Poisson process (Robinson and 

Roby, 2006, Schwartz et al., 2008). In that case, the number of events is computed as 

follows:  

P(m)=λme-λ/m!; 

where: where P(m) is the probability of m occurrences; m is the number of occurrences 

in the time interval, and λ is the mean number of occurrences in the time interval 

(Schwartz et al., 2008). As λ is the expected number of occurrences in the time interval, 

the number could be divided by the number of years the data were collected in order to 

normalise it to the expected number of events per year (Robinson and Roby, 2006). 

 
Figure 5.1 Example of crossing of SS0 criterion for a plot of SS concentration vs. time. Adapted from 
Robinson and Roby (2006) 
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The duration of the event is time between successive up and down crossings of the SS 

concentration of interest (SS0) and is defined by the exponential distribution function:  

P(D≥d)= e-d/µ; 

where: where P(D≥d) is the probability that the duration of a specific event (D) exceeds 

the duration of interest, d, and µ is the mean duration of all the events (Anderson et al., 

2011, Schwartz et al., 2008). This equation can also be expressed as: 

 

Nd = Nt × e-d/µ 

where: Nd is a number of events with duration ≥d; Nt is a total number of events in a 

given time period (Robinson and Roby, 2006). 

 

The SS concentration cut-off values for the development of concentration-duration-

frequency (CDF) curves from Newcombe and Jensen (1996) were selected as: 3, 7, 20, 

55, 148, 403 mg L-1. An Excel Visual Basic macro was then created to document a list 

of durations for each event where the SS exceeded the cut-off value. The duration of 

exposure was selected as: one, three and seven hours; one, two and six days; two and 

seven weeks. In order to develop the CDF curves, the computed data (SS concentration 

cut-offs data, duration and number of evens data) were fitted with the corresponding 

curves.  
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Table 5.1 Scale of the severity (SEV) of ill effects associated with excess SS (Newcombe and Jensen, 
1996)  

 
SEV 

 
Description of effect 

 
 

Nil effect 
 

0 No behavioural effects 
 

Behavioural effects 
 

1 Alarm reaction 
2 Abandonment of cover 
3 Avoidance response 

 
Sub-lethal effects 

 
4 Short-term reduction in feeding rates; short-term reduction in feeding success 
5 Minor physiological stress: increase in rate of coughing; increased respiration rate 
6 Moderate physiological stress 
7 Moderate habitat degradation; impaired homing 
8 Indications of major physiological stress: long-term reduction in feeding rate; long-

term reduction in feeding success; poor condition 
 

Lethal and para-lethal effects 
 

9 Reduced growth rate: delayed hatching: reduced fish density 
10 0-20% mortality; increased predation; moderate to severe habitat degradation 
11 >20-40% mortality 
12 >40-60% mortality 
13 >60-80% mortality 
14 >80-100% mortality 
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5.4 Results  

Tables 5.2 - 5.5 show the average number of SS events observed in each study site in a 

year and the severity of effect.  

On average the least number of events was observed in River Fowey (274) whilst the 

highest number of events was recorded in Mire Falls Gill (1192). Mire Falls Gill also 

recorded the highest number of events that can have an effect on behaviour of adults 

and juvenile salmonids (599 and 689 respectively). Mire Falls Gill also witnessed the 

highest number of events that can have the sub-lethal effects on eggs and larvae of 

salmonids and non-salmonids (1158) as well as adult non-salmonids (1190) (Table 5.6). 

The River Bodilly exhibited the highest number of events with potentially sub-lethal 

effects for adult and juvenile salmonids (801 and 720 respectively) and lethal and para-

lethal effects on eggs and larvae of salmonids and non-salmonids (78) as well as adult 

non-salmonids (13). The River Fowey showed the lowest number of events with 

potentially behavioural, sub-lethal and lethal effects for all taxonomic fish groups and 

their life states (Table 5.6).  

Eggs and larvae of salmonids and non-salmonids experienced one or two events with 

the most severe effect (SEV 12) with the possible mortality of > 40-60% of organisms 

in the River Exe and River Thames and River Bodilly. Those events were characterised 

by exposure to low SS concentration (3 or 7 mg L-1) for prolonged periods of time 

(seven weeks).  

The events with less severe effects but still with potentially lethal effects (SEV 10 and 

11; 0-20% and 20-40% mortality respectively) for eggs and larvae of salmonids and 

non-salmonids were recorded in all rivers and ranged in numbers between seven 

(Milburn Beck) and 36 (Bodilly). Eggs and larvae of salmonids and non-salmonids in 

River Fowey did not experience events of potentially lethal effects. The events with the 

highest SS concentration (403 mg L-1) were recorded in the River Exe, Great Ouse and 

Stinchar with the one episode lasting seven hours in the River Exe and Great Ouse. 

Table 5.4 shows average number of SS events in behavioural, sub-lethal and lethal 

thresholds classes in four taxonomic/life stage fish groups observed in study sites in a 

year. 
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Table 5.2 Number of events (in black) observed in study sites in a year and the severity of ill effect (SEV; 
in red) associated with a SS concentration and exposure time for adult salmonids. Diagonal terraced lines 
denote thresholds of behavioural (SEV 1-3) and sub-lethal effects (SEV 4-8) 

    Adult Salmonids 
     Duration 
     Hours Days Weeks 
  River  1 3 7 1 2 6 2 7 

SS
 c

on
ce

nt
ra

tio
n 

(m
g 

L-1
) 

B
od

ill
y 

403 - - - - - - - - 
148 5 (5) 1 (6) - - - - - - 
55 100 (5) 43 (5) 25 (6) 7 (6) 5 (7) 1 (7) - - 
20 162 (4) 85 (4) 55 (5) 19 (5) 13 (6) 6 (6) 2 (7) - 
7 156 (3) 81 (4) 57 (4) 33 (5) 25 (5) 9 (6) 4 (6) 1 (7) 
3 103 (2) 65 (3) 46 (3) 30 (4) 23 (4) 9 (5) 5 (5) 1 (6) 

 
D

ee
 

403 - - - - - - - - 
148 3 (5) 1 (6) - - - - - - 
55 11 (5) 4 (5) 2 (6) 1 (6) - - - - 
20 33 (4) 17 (4) 12 (5) 4 (5) 1 (6) - - - 
7 62 (3) 33 (4) 22 (4) 8 (5) 4 (5) 2 (6) 1 (6) - 
3 85 (2) 47 (3) 33 (3) 15 (4) 9 (4) 7 (5) 2 (5) - 

 
Ex

e 

403 1 (6) 1 (7) 1 (7) - - - - - 
148 12 (5) 9 (6) 5 (6) 2 (7) - - - - 
55 37 (5) 21 (5) 12 (6) 4 (6) 1 (7) - - - 
20 131 (4) 61 (4) 39 (5) 14 (5) 7 (6) 1 (6) - - 
7 98 (3) 56 (4) 41 (4) 22 (5) 17 (5) 7 (6) 2 (6) - 
3 86 (2) 56 (3) 45 (3) 24 (4) 17 (4) 8 (5) 4 (5) 1 (6) 

 
Fo

w
ey

 

403 - - - - - - - - 
148 2 (5) 1 (6) 1 (6) - - - - - 
55 2 (5) 1 (5) 1 (6) 1 (6) - - - - 
20 5 (4) 4 (4) 2 (5) 1 (5) 1 (6) - - - 
7 21 (3) 11 (4) 7 (4) 4 (5) 2 (5) - - - 
3 87 (2) 62 (3) 44 (3) 12 (4) 7 (4) - - - 

 
G

re
at

 O
us

e 

403 3 (6) 2 (7) 1 (7) - - - - - 
148 (17 5) 7 (6) 6 (6) 4 (7) 2 (7) - - - 
55 53 (5) 19 (5) 17 (6) 10 (6) 5 (7) 1 (7) - - 
20 52 (4) 31 (4) 20 (5) 13 (5) 9 (6) 4 (6) 4 (7) - 
7 82 (3) 42 (4) 26 (4) 16 (5) 12 (5) 5 (6) 3 (6) - 
3 97 (2) 69 (3) 55 (3) 35 (4) 25 (4) 13 (5) 5 (5) - 
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Table 5.2 (cont.) Number of events (in black) observed in study sites in a year and the severity of ill 
effect (SEV; in red) associated with a SS concentration and exposure time for adult salmonids. Diagonal 
terraced lines denote thresholds of behavioural (SEV 1-3) and sub-lethal effects (SEV 4-8)  

    Adult Salmonids 
     Duration 
     Hours Days Weeks 
  River  1 3 7 1 2 6 2 7 

SS
 c

on
ce

nt
ra

tio
n 

(m
g 

L-1
) 

M
ilb

ur
n 

B
ec

k 

403 - - - - - - - - 
148 1 (5) - - - - - - - 
55 6 (5) 2 (5) 1 (6) - - - - - 
20 69 (4) 31 (4) 9 (5) 1 (5) 1 (6) - - - 
7 150 (3) 65 (4) 54 (4) 20 (5) 6 (5) 1 (6) - - 
3 179 (2) 102 (3) 63 (3) 29 (4) 15 (4) 4 (5) 2 (5) - 

 
M

ire
 F

al
ls

 G
ill

 403 - - - - - - - - 
148 20 (5) 6 (6) 3 (6) 1 (7) 1 (7) - - - 
55 20 (5) 12 (5) 7 (6) 3 (6) 2 (7) - - - 
20 149 (4) 55 (4) 26 (5) 9 (5) 6 (6) - - - 
7 205 (3) 90 (4) 82 (4) 28 (5) 14 (5) 5 (6) 1 (6) - 
3 219 (2) 104 (3) 72 (3) 33 (4) 20 (4) 6 (5) 2 (5) - 

 
R

ot
he

r 

403 - - - - - - - - 
148 4 (5) 2 (6) 1 (6) - - - - - 
55 11 (5) 9 (5) 5 (6) 2 (6) - - - - 
20 51 (4) 26 (4) 15 (5) 7 (5) 3 (6) 1 (6) - - 
7 138 (3) 64 (4) 40 (4) 20 (5) 11 (5) 5 (6) 1 (6) - 
3 147 (2) 73 (3) 48 (3) 21 (4) 16 (4) 6 (5) 2 (5) - 

 
St

in
ch

ar
 

403 1 (6) - - - - - - - 
148 13 (5) 4 (6) 2 (6) - - - - - 
55 27 (5) 14 (5) 10 (6) 4 (6) 2 (7) - - - 
20 88 (4) 53 (4) 30 (5) 11 (5) 8 (6) 1 (6) - - 
7 155 (3) 73 (4) 53 (4) 26 (5) 14 (5) 6 (6) 1 (6) - 
3 95 (2) 70 (3) 54 (3) 26 (4) 16 (4) 7 (5) 4 (5) - 

 
Th

am
es

 

403 - - - - - - - - 
148 5 (5) 3 (6) 1 (6) - - - - - 
55 12 (5) 3 (5) 2 (6) 1 (6) - - - - 
20 73 (4) 29 (4) 17 (5) 8 (5) 4 (6) 1 (6) - - 
7 183 (3) 101 (4) 62 (4) 25 (5) 12 (5) 6 (6) 2 (6) - 
3 139 (2) 81 (3) 58 (3) 30 (4) 20 (4) 10 (5) 3 (5) 1 (6) 
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Table 5.3 Number of events (in black) observed in study sites in a year and the severity of ill effect (SEV; 
in red) associated with a SS concentration and exposure time for juvenile salmonids. Diagonal terraced 
lines denote thresholds of behavioural (SEV 1-3) and sub-lethal effects (SEV 4-8)  

Juvenile Salmonids 
   Duration 
   Hours Days Weeks 
 River  1 3 7 1 2 6 2 7 

SS
 c

on
ce

nt
ra

tio
n 

(m
g 

L-1
) 

B
od

ill
y 

403 - - - - - - - - 
148 5 (4) 1 (5) - - - - - - 
55 100 (4) 43 (4) 25 (5) 7 (6) 5 (6) 1 (7) - - 
20 162(3) 85 (4) 55 (4) 19 (5) 13 (6) 6 (6) 2 (7) - 
7 156 (2) 81 (3) 57 (4) 33 (4) 25 (5) 9 (6) 4 (6) 1 (7) 
3 103 (1) 65 (2) 46 (3) 30 (4) 23 (4) 9 (5) 5 (6) 1 (6) 

          

D
ee

 

403 - - - - - - - - 
148 3 (4) 1 (5) - - - - - - 
55 11 (4) 4 (4) 2 (5) 1 (6) - - - - 
20 33 (3) 17 (4) 12 (4) 4 (5) 1 (6) - - - 
7 62 (2) 33 (3) 22 (4) 8 (4) 4 (5) 2 (6) 1 (6) - 
3 85 (1) 47 (2) 33(3) 15 (4) 9 (4) 7 (5) 2 (6) - 

          

Ex
e 

403 1 (5) 1 (6) 1 (6) - - - - - 
148 12 (4) 9 (5) 5 (6) 2 (6) - - - - 
55 37 (4) 21 (4) 12 (5) 4 (6) 1 (6) - - - 
20 131 (3) 61 (4) 39 (4) 14(5) 7 (6) 1 (6) - - 
7 98 (2) 56 (3) 41 (4) 22 (4) 17 (5) 7 (6) 2 (6) - 
3 86 (1) 56 (2) 45 (3) 24 (4) 17 (4) 8 (5) 4 (6) 1 (6) 

          

Fo
w

ey
 

403 - - - - - - - - 
148 2 (4) 1 (5) 1 (6) - - - - - 
55 2 (4) 1 (4) 1 (5) 1 (6) - - - - 
20 5 (3) 4 (4) 2 (4) 1 (5) 1 (6) - - - 
7 21 (2) 11 (3) 7 (4) 4 (4) 2 (5) - - - 
3 87 (1) 62 (2) 44 (3) 12 (4) 7 (4) - - - 

          

G
re

at
 O

us
e 

403 3 (5) 2 (6) 1 (6) - - - - - 
148 17 (4) 7 (5) 6 (6) 4 (6) 2 (7) - - - 
55 53 (4) 19 (4) 17 (5) 10 (6) 5 (6) 1 (7) - - 
20 52 (3) 31 (4) 20 (4) 13 (5) 9 (6) 4 (6) 2 (7) - 
7 82 (2) 42 (3) 26 (4) 16 (4) 12 (5) 5 (6) 3 (6) - 
3 97 (1) 69 (2) 55 (3) 35 (4) 25 (4) 13 (5) 5 (6) - 
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Table 5.3 (cont.) Number of events (in black) observed in study sites in a year and the severity of ill 
effect (SEV; in red) associated with a SS concentration and exposure time for juvenile salmonids. 
Diagonal terraced lines denote thresholds of behavioural (SEV 1-3) and sub-lethal effects (SEV 4-8)  

Juvenile Salmonids 
     Duration 
    Hours Days Weeks 
 River  1 3 7 1 2 6 2 7 

SS
 c

on
ce

nt
ra

tio
n 

(m
g 

L-1
) 

M
ilb

ur
n 

B
ec

k 

403 - - - - - - - - 
148 1 (4) - - - - - - - 
55 6 (4) 2 (4) 1 (5) - - - - - 
20 69 (3) 31 (4) 9 (4) 1 (5) 1 (6) - - - 
7 150 (2) 65 (3) 54 (4) 20 (4) 6 (5) 1 (6) - - 
3 179 (1) 102 (2) 63 (3) 29 (4) 15 (4) 4 (5) 2 (6) - 

          

M
ire

 F
al

ls
 G

ill
 403 - - - - - - - - 

148 20 (4) 6 (5) 3 (6) 1 (6) 1 (7) - - - 
55 20 (4) 12 (4) 7 (5) 3 (6) 2 (6) - - - 
20 149 (3) 55 (4) 26 (4) 9 (5) 6 (6) - - - 
7 205 (2) 90 (3) 82 (4) 28 (4) 14 (5) 5(6) 1 (6) - 
3 219 (1) 104 (2) 72 (3) 33 (4) 20 (4) 6 (5) 2 (6) - 

          

R
ot

he
r 

403 - - - - - - - - 
148 4 (4) 2 (5) 1 (6) - - - - - 
55 11 (4) 9 (4) 5 (5) 2 (6) - - - - 
20 51 (3) 26 (4) 15 (4) 7 (5) 3 (6) 1 (6) - - 
7 138 (2) 64 (3) 40 (4) 20 (4) 11 (5) 5 (6) 1 (6) - 
3 147 (1) 73 (2) 48 (3) 21 (4) 16 (4) 6 (5) 2 (6) - 

          

St
in

ch
ar

 

403 1 (5) - - - - - - - 
148 13 (4) 4 (5) 2 (6) - - - - - 
55 27 (4) 14 (4) 10 (5) 4 (6) 2 (6) - - - 
20 88 (3) 53 (4) 30 (4) 11 (5) 8 (6) 1 (6) - - 
7 115 (2) 73 (3) 53 (4) 26 (4) 14 (5) 6 (6) 1 (6) - 
3 95 (1) 70 (2) 54 (3) 26 (4) 16 (4) 7 (5) 4 (6) - 

          

Th
am

es
 

403 - - - - - - - - 
148 5 (4) 3 (5) 1 (6) - - - - - 
55 12 (4) 3 (4) 2 (5) 1 (6) - - - - 
20 73 (3) 29 (4) 17 (4) 8 (5) 4 (6) 1 (6) - - 
7 183 (2) 101 (3) 62 (4) 25 (4) 12(5) 6 (6) 2 (6) - 
3 139 (1) 81 (2) 58 (3) 30 (4) 20 (4) 10 (5) 3 (6) 1 (6) 
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Table 5.4 Number of events (in black) observed in study sites in a year and the severity of ill effect (SEV; 
in red) associated with a SS concentration and exposure time for eggs and larvae of salmonids and non-
salmonids. Diagonal terraced lines denote thresholds of sub-lethal (SEV 4-8) and lethal/para-lethal effects 
(SEV 9-14)  

  Eggs and Larvae of Salmonids and Non-salmonids 
   Duration 
   Hours Days Weeks 
 River  1 3 7 1 2 6 2 7 

SS
 c

on
ce

nt
ra

tio
n 

(m
g 

L-1
) 

B
od

ill
y 

403 - - - - - - - - 
148 5 (5) 1 (6) - - - - - - 
55 100 (5) 43 (6) 25 (7) 7 (8) 5 (9) 1 (10) - - 
20 162 (5) 85 (6) 55 (7) 19 (8) 13 (9) 6 (10) 2 (11) - 
7 156 (4) 81 (5) 57 (7) 33 (8) 25 (9) 9 (10) 4 (11) 1 (12) 
3 103 (4) 65 (5) 46 (6) 30 (7) 23 (8) 9 (10) 5 (11) 1 (12) 

          

D
ee

 

403 - - - - - - - - 
148 3 (5) 1 (6) - - - - - - 
55 11 (5) 4 (6) 2 (7) 1 (8) - - - - 
20 33 (5) 17 (6) 12 (7) 4 (8) 1 (9) - - - 
7 62 (4) 33 (5) 22 (7) 8 (8) 4 (9) 2 (10) 1 (11) - 
3 85 (4) 47 (5) 33 (6) 15 (7) 9 (8) 7 (10) 2 (11) - 

          

Ex
e 

403 1 (6) 1 (7) 1 (8) - - - - - 
148 12 (5) 9 (6) 5 (7) 2 (9) - - - - 
55 37 (5) 21 (6) 12 (7) 4 (8) 1 (9) - - - 
20 131(5) 61 (6) 39 (7) 14 (8) 7 (9) 1 (10) - - 
7 98 (4) 56 (5) 41 (7) 22 (8) 17 (9) 7 (10) 2 (11) - 
3 86 (4) 56 (5) 45 (6) 24 (7) 17 (8) 8 (10) 4 (11) 1 (12) 

          

Fo
w

ey
 

403 - - - - - - - - 
148 2 (5) 1 (6) 1 (7) - - - - - 
55 2 (5) 1 (6) 1 (7) 1 (8) - - - - 
20 5 (5) 4 (6) 2 (7) 1 (8) 1 (9) - - - 
7 21 (4) 11 (5) 7 (7) 4 (8) 2 (9) - - - 
3 87 (4) 62 (5) 44 (6) 12 (7) 7 (8) - - - 

          

G
re

at
 O

us
e 

403 3 (6) 2 (7) 1 (8) - - - - - 
148 17 (5) 7 (6) 6 (7) 4 (9) 2 (10) - - - 
55 53 (5) 19 (6) 17 (7) 10 (8) 5 (9) 1 (10) - - 
20 52 (5) 31 (6) 20 (7) 13 (8) 9 (9) 4 (10) 2 (11) - 
7 82 (4) 42 (5) 26 (7) 16 (8) 12 (9) 5 (10) 3 (11) - 
3 97 (4) 69 (5) 55 (6) 35 (7) 25 (8) 13 (10) 5 (11) - 
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Table 5.4 (cont.) Number of events (in black) observed in study sites in a year and the severity of ill 
effect (SEV; in red) associated with a SS concentration and exposure time for eggs and larvae of 
salmonids and non-salmonids. Diagonal terraced lines denote thresholds of sub-lethal (SEV 4-8) and 
lethal/para-lethal effects (SEV 9-14)  

  Eggs and Larvae of Salmonids and Non-salmonids 
   Duration 
   Hours Days Weeks 
 River  1 3 7 1 2 6 2 7 

SS
 c

on
ce

nt
ra

tio
n 

(m
g 

L-1
) 

M
ilb

ur
n 

B
ec

k 

403 - - - - - - - - 
148 1 (5) - - - - - - - 
55 6 (5) 2 (6) 1 (7) - - - - - 
20 69 (5) 31 (6) 9 (7) 1 (8) 1 (9) - - - 
7 150 (4) 65 (5) 54 (7) 20 (8) 6 (9) 1 (10) - - 
3 179 (4) 102 (5) 63 (6) 29 (7) 15 (8) 4 (10) 2 (11) - 

          

M
ire

 F
al

ls
 G

ill
 403 - - - - - - - - 

148 20 (5) 6 (6) 3 (7) 1 (9) 1 (10) - - - 
55 20 (5) 12 (6) 7 (7) 3 (8) 2 (9) - - - 
20 149 (5) 55 (6) 26 (7) 9 (8) 6 (9) - - - 
7 205 (4) 90 (5) 82 (7) 28 (8) 14 (9) 5 (10) 1 (11) - 
3 219 (4) 104 (5) 72 (6) 33 (7) 20 (8) 6 (10) 2 (11) - 

          

R
ot

he
r 

403 - - - - - - - - 
148 4 (5) 2 (6) 1 (7) - - - - - 
55 11 (5) 9 (6) 5 (7) 2 (8) - - - - 
20 51 (5) 26 (6) 15 (7) 7 (8) 3 (9) 1 (10) - - 
7 138 (4) 64 (5) 40 (7) 20 (8) 11 (9) 5 (10) 1 (11) - 
3 147 (4) 73 (5) 48 (6) 21 (7) 16 (8) 6 (10) 2 (11) - 

          

St
in

ch
ar

 

403 1 (6) - - - - - - - 
148 13 (5) 4 (6) 2 (7) - - - - - 
55 27 (5) 14 (6) 10 (7) 4 (8) 2 (9) - - - 
20 88 (5) 53 (6) 30 (7) 11 (8) 8 (9) 1 (10) - - 
7 115 (4) 73 (5) 53 (7) 26 (8) 14 (9) 6 (10) 1 (11) - 
3 95 (4) 70 (5) 54 (6) 26 (7) 16 (8) 7 (10) 4 (11) - 

          

Th
am

es
 

403 - - - - - - - - 
148 5 (5) 3 (6) 1 (7) - - - - - 
55 12 (5) 3(6) 2 (7) 1 (8) - - - - 
20 73 (5) 29 (6) 17 (7) 8 (8) 4 (9) 1 (10) - - 
7 183 (4) 101 (5) 62 (7) 25(8) 12 (9) 6 (10) 2 (11) - 
3 139 (4) 81 (5) 58 (6) 30 (7) 20 (8) 10 (10) 3 (11) 1 (12) 
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Table 5.5 Number of events (in black) observed in study sites in a year and the severity of ill effect (SEV; 
in red) associated with a SS concentration and exposure time for adult freshwater non-salmonids. 
Diagonal terraced lines denote thresholds of sub-lethal (SEV 4-8) and lethal/para-lethal effects (SEV 9-
14) 

  Adult Freshwater Non-salmonids 
   Duration 
   Hours Days Weeks 

 River  1 3 7 1 2 6 2 7 

SS
 c

on
ce

nt
ra

tio
n 

(m
g 

L-1
) 

B
od

ill
y 

403 - - - - - - - - 
148 5 (5) 1 (6) - - - - - - 
55 100 (5) 43 (6) 25 (7) 7 (7) 5 (8) 1 (9) - - 
20 162 (5) 85 (6) 55 (6) 19 (7) 13 (8) 6 (8) 2 (9) - 
7 156 (5) 81 (5) 57 (6) 33 (7) 25 (7) 9 (8) 4 (9) 1 (10) 
3 103 (4) 65 (5) 46 (6) 30 (7) 23 (7) 9 (8) 5 (9) 1 (9) 

          

D
ee

 

403 - - - - - - - - 
148 3 (5) 1 (6) - - - - - - 
55 11 (5) 4 (6) 2 (7) 1 (7) - - - - 
20 33 (5) 17 (6) 12 (6) 4 (7) 1 (8) - - - 
7 62 (5) 33 (5) 22 (6) 8 (7) 4 (7) 2 (8) 1 (9) - 
3 85 (4) 47 (5) 33 (6) 15 (7) 9 (7) 7 (8) 2 (9) - 

          

Ex
e 

403 1 (6) 1 (6) 1 (7) - - - - - 
148 12 (5) 9 (6) 5 (7) 2 (8) - - - - 
55 37 (5) 21 (6) 12 (7) 4 (7) 1 (8) - - - 
20 131 (5) 61 (6) 39 (6) 14 (7) 7 (8) 1 (8) - - 
7 98 (5) 56 (5) 41 (6) 22 (7) 17 (7) 7 (8) 2 (9) - 
3 86 (4) 56 (5) 45 (6) 24 (7) 17 (7) 8 (8) 4 (9) 1 (9) 

          

Fo
w

ey
 

403 - - - - - - - - 
148 2 (5) 1 (6) 1 (7) - - - - - 
55 2 (5) 1 (6) 1 (7) 1 (7) - - - - 
20 5 (5) 4 (6) 2 (6) 1 (7) 1 (8) - - - 
7 21 (5) 11 (5) 7 (6) 4 (7) 2 (7) - - - 
3 87 (4) 62 (5) 44 (6) 12 (7) 7 (7) - - - 

          

G
re

at
 O

us
e 

403 3 (6) 2 (6) 1 (7) - - - - - 
148 17 (5) 7 (6) 6 (7) 4 (8) 2 (8) - - - 
55 53 (5) 19 (6) 17 (7) 10 (7) 5 (8) 1 (9) - - 
20 52 (5) 31 (6) 20 (6) 13 (7) 9 (8) 4 (8) 2 (9) - 
7 82 (5) 42 (5) 26 (6) 16 (7) 12 (7) 5 (8) 3 (9) - 
3 97 (4) 69 (5) 55 (6) 35 (7) 25 (7) 13 (8) 5 (9) - 
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Table 5.5 (cont.) Number of events (in black) observed in study sites in a year and the severity of ill 
effect (SEV; in red) associated with a SS concentration and exposure time for adult freshwater non-
salmonids. Diagonal terraced lines denote thresholds of sub-lethal (SEV 4-8) and lethal/para-lethal effects 
(SEV 9-14) 

  Adult Freshwater Non-salmonids 
   Duration 
   Hours Days Weeks 
 River  1 3 7 1 2 6 2 7 

SS
 c

on
ce

nt
ra

tio
n 

(m
g 

L-1
) 

M
ilb

ur
n 

B
ec

k 

403 - - - - - - - - 
148 1 (5) - - - - - - - 
55 6 (5) 2 (6) 1 (7) - - - - - 
20 69 (5) 31 (6) 9 (6) 1 (7) 1 (8) - - - 
7 150 (5) 65 (5) 54 (6) 20 (7) 6 (7) 1 (8) - - 
3 179 (4) 102 (5) 63 (6) 29 (7) 15 (7) 4 (8) 2 (9) - 

          

M
ire

 F
al

ls
 G

ill
 403 - - - - - - - - 

148 20 (5) 6 (6) 3 (7) 1 (8) 1 (8) - - - 
55 20 (5) 12 (6) 7 (7) 3 (7) 2 (8) - - - 
20 149 (5) 55 (6) 26 (6) 9 (7) 6 (8) - - - 
7 205 (5) 90 (5) 82 (6) 28 (7) 14 (7) 5 (8) 1 (9) - 
3 219 (4) 104 (5) 72 (6) 33 (7) 20 (7) 6 (8) 2 (9) - 

          

R
ot

he
r 

403 - - - - - - - - 
148 4 (5) 2 (6) 1 (7) - - - - - 
55 11 (5) 9 (6) 5 (7) 2 (7) - - - - 
20 51 (5) 26 (6) 15 (6) 7 (7) 3 (8) 1 (8) - - 
7 138 (5) 64 (5) 40 (6) 20 (7) 11 (7) 5 (8) 1 (9) - 
3 147 (4) 73 (5) 48 (6) 21 (7) 16 (7) 6 (8) 2 (9) - 

          

St
in

ch
ar

 

403 1 (6) - - - - - - - 
148 13 (5) 4 (6) 2 (7) - - - - - 
55 27 (5) 14 (6) 10 (7) 4 (7) 2 (8) - - - 
20 88 (5) 53 (6) 30 (6) 11 (7) 8 (8) 1 (8) - - 
7 115 (5) 73 (5) 53 (6) 26 (7) 14 (7) 6 (8) 1 (9) - 
3 95 (4) 70 (5) 54 (6) 26 (7) 16 (7) 7 (8) 4 (9) - 

          

Th
am

es
 

403 - - - - - - - - 
148 5 (5) 3 (6) 1 (7) - - - - - 
55 12 (5) 3 (6) 2 (7) 1 (7) - - - - 
20 73 (5) 29 (6) 17 (6) 8 (7) 4 (8) 1 (8) - - 
7 183 (5) 101 (5) 62 (6) 25 (7) 12 (7) 6 (8) 2 (9) - 
3 139 (4) 81 (5) 58 (6) 30 (7) 20 (7) 10 (8) 3 (9) 1 (9) 

 



[144] 
 

 
Table 5.6 Average number of SS events in behavioural, sub-lethal and lethal threshold classes in four taxonomic/life stage fish groups observed in study sites in a year 

  
Number of events 

  
Adult 

Salmonids 

 
Juvenile 

Salmonids 

 
Eggs and Larvae of Salmonids and 

Non-salmonids 

 
Adult Freshwater Non-

salmonids 
 Behavioural 

effect 
(SEV 1-3) 

Sub-lethal 
effects 

(SEV 4-8) 

Behavioural 
effect 

(SEV 1-3) 

Sub-lethal 
effects 

(SEV 4-8) 

Sub-lethal 
effects 

(SEV 4-8) 

Lethal and 
para-lethal 

effects 
(SEV 9-14) 

Sub-lethal 
effects 

(SEV 4-8) 

Lethal and 
para-lethal 

effects 
(SEV 9-14) 

Bodilly 370 801 451 720 1093 78 1158 13 
Dee 226 187 259 154 397 16 410 3 
Exe 284 551 340 495 786 49 828 7 
Fowey 214 60 225 50 272 3 274 0 
Great 
Ouse 302 452 344 410 692 62 744 10 

Milburn 
Beck 494 313 559 248 794 13 805 2 

Mire Falls 
Gill 599 593 689 503 1158 34 1190 2 

Rother  405 317 469 253 695 27 719 3 
Stinchar 333 489 406 416 780 42 817 4 
Thames 460 422 560 322 846 36 877 5 
Average 368 418 430 357 751 36 782 5 
Total 3685 4184 4299 3569 7511 357 7821 47 
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The concentration-duration-frequency curves shown in Figures 5.2 - 5.11 show a logical 

progression where the frequency and the duration of the events decreased as the SS 

concentration increased. The lowest number of high concentration events (55 and 148 

mg L-1) and shortest events (< 0.1 day) was observed in the River Fowey, Dee and 

Milburn Beck. This could be expected given their low annual mean SS concentrations 

(3, 6 and 6 mg L-1 respectively). The highest SS concentration (403 mg L-1) events were 

observed in the River Great Ouse and lasted less than one day. This could be expected 

as the River Great Ouse had the highest annual mean and maximum SS concentration 

(29 mg L-1 and 857 mg L-1).  

The mean duration (µ) of events for selected SS concentration cut-offs in the study sites 

are shown in Table 5.7. The exponential relationship between the mean duration of the 

SS event (µ) versus SS concentration in individual sites are shown in Figure 5.12 (note 

the y-axis is logarithmically transformed). Most of the regression graphs show that µ 

has a strong exponential trend with SS concentrations apart from the Rivers Fowey 

(R2=0.39), Milburn Beck (R2=0.54) and Exe (R2=0.57). In the case of the River Fowey, 

the weaker regression appears to be the result of the lack of variability in the mean 

duration of the SS event for the selected SS concentrations (µ ranging between 0.76 day 

for 148 mg L-1 SS concentration and 1.71 day for 20 mg L-1 (Table 5.7). In the case of 

the River Milburn Beck the regression appears to be affected by a similar mean duration 

of the SS event (0.39 and 0.37 day) for the highest SS concentrations in this site (20 mg 

L-1and 55 mg L-1) and in case of River Exe by the similar mean duration of the SS event 

(0.79 day and 0.62 day for 55 mg L-1 and 148 mg L-1) (Table 5.7).  
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Figure 5.2 Number of events per time with SS concentrations greater than the specified SS concentration 
cut-off vs. duration (days) in River Bodilly  

 

 
Figure 5.3 Number of events per time with SS concentrations greater than the specified SS concentration 
cut-off vs. duration (days) in River Dee  
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Figure 5.4 Number of events per time with SS concentrations greater than the specified SS concentration 
cut-off vs. duration (days) in River Exe 

 

 
Figure 5.5 Number of events per time with SS concentrations greater than the specified SS concentration 
cut-off vs. duration (days) in River Fowey  
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Figure 5.6 Number of events per time with SS concentrations greater than the specified SS concentration 
cut-off vs. duration (days) in River Great Ouse 

 

 
Figure 5.7 Number of events per time with SS concentrations greater than the specified SS concentration 
cut-off vs. duration (days) in Milburn Beck  
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Figure 5.8 Number of events per time with SS concentrations greater than the specified SS concentration 
cut-off vs. duration (days) in Mire Falls Gill 

 

 
Figure 5.9 Number of events per time with SS concentrations greater than the specified SS concentration 
cut-off vs. duration (days) in River Rother  
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Figure 5.10 Number of events per time with SS concentrations greater than the specified SS 
concentration cut-off vs. duration (days) in River Stinchar 

 

 
Figure 5.11 Number of events per time with SS concentrations greater than the specified SS 
concentration cut-off vs. duration (days) in River Thames
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Figure 5.12 Graphs of SS concentration versus the mean duration of all events (µ) with best-fit 
exponential regression. All regression models apart from the River Bodilly (p-value <0.05) have p-value 
> 0.05  
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Table 5.7 Mean duration (µ) of events for selected SS concentrations in study sites  

    SS concentration (mg L-1) 
    3 7 20 55 148 403   
Bodilly 

M
ea

n 
du

ra
tio

n,
 µ

 (d
ay

s)
 

8.55 6.79 4.89 1.55 0.08 -  
Dee 4.31 3.12 0.68 0.38 0.07  - 
Exe 9.17 4.28 1.24 0.79 0.62 -  
Fowey 0.98 1.09 1.71 1.03 0.76 -  
Great Ouse 6.68 6.1 5.74 2.16 1.18 0.55 
Milburn Beck 3.41 0.98 0.39 0.37 -  -  
Mire Falls Gill 4.14 3.66 0.94 0.98 0.48 -  
Rother 4.47 2.96 1.64 0.46 0.11 -  
Stinchar 4.85 2.88 1.36 0.98 0.25 -  
Thames 6.57 2.89 1.14 0.44 0.24 -  
 

 

5.5 Discussion  
As already stated in the previous chapters, there are other factors in addition to 

concentration that play a key role in determining the responses of different aquatic 

species to SS. These factors include the duration of exposure and the frequency and 

number of SS events (Bilotta et al., 2008, Newcombe and Jensen, 1996, Newcombe and 

MacDonald, 1991, UKTAG, 2008a). 

Fish were chosen as the group of aquatic organisms to explore the predicted biological 

impacts as it is one of the most well-researched of any aquatic groups due to their 

economic significance (Ryan, 1991). The exploration was based on a model developed 

by Newcombe and Jensen (1996) which devised thresholds for SS concentrations and 

exposure time related to the behavioural and physiological responses of different 

taxonomic fish groups and their life stages. There is evidence of considerable 

differences in the number of events and their severity between sites. Additionally there 

are differences in the number of events for different fish groups (salmonids and non-

salmonids) and their life stages. This is to be expected as it is commonly recognised that 

the severity of SS effects differ between different fish species and their life stages 

(Newcombe, 1994). For instance, for eggs and larvae of salmonids and non-salmonids, 

there were over four times as many events with sub-lethal effects per year in the River 

Mire Falls Gill as in the River Fowey. 
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There was a 26-fold difference in the number of events with lethal and para-lethal 

effects between the River Bodilly and Fowey (78 and three events correspondingly). For 

salmonids, there were 16% more events with possible behavioural effects for juveniles 

(4299 in total) than adults (3685). At the same time, there were 13% more events with 

sub-lethal effects in adult salmonids (4184 in all sites) than in juvenile salmonids 

(3569).  

An unexpected outcome of the investigation into the impacts of SS events is that sites 

that are in RRC are experiencing events with theoretically lethal and para-lethal effects 

(based on data from early biological experiments). This is especially surprising in the 

case of the River Dee, which supports one of the healthiest populations of Atlantic 

salmon in Western Europe, and is famous for its spring fishery (Cooksley, 2007). These 

effects (lethal and para-lethal) were only observed in the adult freshwater non-

salmonids group (total of 47 events in all rivers in a year) and for the eggs and larvae of 

salmonids and non-salmonids (total of 357 events in all rivers in a year). This outcome 

is not particularly surprising for the eggs and larvae of salmonids and non-salmonids, 

which are considered to be usually more vulnerable, sensitive and severely impacted 

than adult organisms (Newcomb, 1994). Appleby and Scarratt (1989) imply that larval 

stages are more sensitive than eggs, but as Newcombe and Jensen’s model does not 

distinguish the eggs and larvae stages as separate groups, it is impossible to explore the 

number of events and their severity for these two groups separately. 

There are a number of potential explanations of why sites in reference condition are 

experiencing events with such severe effects yet are in good ecological conditions. For 

example, Poff (2009) suggests that occasional destructive events are a natural part of the 

aquatic system which might be needed to clean gravel beds, rejuvenate spawning and 

foraging habitats as well as to reconnect the stream channels to floodplain habitats. 

Such events might cause some mortality in the aquatic biota but provide other long-term 

benefits and are required to sustain healthy and diverse ecosystems.  

Further explanations could include: (1) other factors that influence the severity of SS 

effect on fish organisms and their life stages which were not included in the dose-

response models developed by Newcombe and Jensen’s; and (2) the limited data used in 

the model’s development.  
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Studies show that tolerance to SS of different fish species depends not only on the dose 

(concentration x duration of exposure) but also on the SS composition and particle size 

as well as other water quality parameters such as the temperature (Kerr, 1995). For 

example larger and more angular particles tend to be more lethal as they cause 

mechanical damages to the organism’s tissues. Smaller and smoother particles are likely 

to cause less damage to tissues but can be responsible for clogging up gills or for 

stimulating excess mucus production (Newcomb, 1994). SS composition, e.g. rich in 

organic material, can reduce levels of available dissolved oxygen and also lead to 

secondary effects such as reduced removal of metabolic waste and increased carbon 

dioxide and ammonia levels affecting egg survival (Turnpenny and Williams, 1980). 

Water temperature is also a factor that can influence the effects of SS on fish species 

with more serious impacts observed at higher temperature. This probably relates to 

higher dissolved oxygen content as well as reduced activity and metabolic rates in 

colder rather than in warmer waters (Fowler, 1978, Newcombe, 1994, Peddicord, 1976).  

There are also questions regarding the timing of the SS events and the recovery periods 

between them (Marcus et al., 1990, Wood and Armitage, 1997). For example salmonids 

occupy their habitat only at some times of the year (Milner et al., 2003) and certain 

periods are of more critical importance in their development than others (Armstrong et 

al., 2003). It is also possible that there are some genetic adaptations of fish species to 

local habitats and conditions (Armstrong et al., 2003) and as such it might not be always 

possible to extrapolate findings from studies of one river to another (Greenberg, 1992). 

Furthermore some fish species such as salmon and trout can tolerate a wide range of 

conditions and variations in their habitats (Armstrong et al., 2003).  

Finally, although the predictive models developed by Newcombe and Jensen (1996) 

provide a valuable basis for the investigation into events of known SS concentration and 

duration, they can also be perceived as somewhat limited since some of them are based 

on very few empirical examples (Vondracek et al., 2003). For instance, the model for 

eggs and larvae of salmonids and non-salmonids is based on 23 empirical severity-of-ill 

effect data out of 143 possible combinations (cells). In case of the adult freshwater fish 

species, the number of empirical data is even lower: Thirteen out of 143 options, 

probably because this taxonomic group is considerably less researched than more 

economically valued salmonid species (Chapman et al., 2014, Kemp et al., 2011). The 

main concern for the model for adult freshwater non-salmonids is that even though sub-
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lethal thresholds could be extrapolated from the empirical data, the predictive model 

forecasted that they lay beyond the matrix. In contrast, in the model for eggs and larvae 

of salmonids and non-salmonids, sub-lethal effects empirical thresholds were presented, 

but not recognised by the predictive model (Newcombe and Jensen, 1996). Furthermore 

it could be pointed out that some of the developed models are very rigid in regards to 

predicting severity scores for low SS concentrations. For instance, a concentration of 1 

mg L-1 would be generally described as very low. However, in the predictive model for 

adult salmonids, this concentration is considered to have potentially sub-lethal effects 

(severity score 5) if it lasts for two and seven weeks. The same concentration, for adult 

freshwater non-salmonids would be assumed to have potentially lethal and para-lethal 

effects (severity score 9) if it lasts for seven weeks.  

Nonetheless, despite the models’ limitations and uncertainties, the study provided one 

of the first if not the first insight into the number of events of different durations and SS 

concentrations that are taking place in contrasting ecosystems in RRC. The study also 

enhances and supports a view that whilst excessive inputs of sediment to aquatic 

environments can cause water quality or habitat impairment, it is still an inherent part of 

those ecosystems that is essential to habitat heterogeneity, ecological functioning and 

the aquatic biota found there (Swietlik et al., 2003, Vannote et al., 1980, Yarnell et al., 

2006). 

 SS concentration-duration-frequency (CDF) curves developed in this Chapter show that 

they capture more information about SS conditions than basic descriptive statistics, 

which do not reflect the episodic nature of the SS transport. The competence of the CDF 

curve approach is based primarily on: the quality and quantity of field data (inaccurate 

or insufficient to capture the episodes of high concentrations); curve-fitting equations; 

and selection of biologically meaningful SS (Robinson and Roby, 2006, Schwartz et al., 

2008, Vondracek et al., 2003). A clear concern about the development of CDF curves in 

this study is the choice of the appropriate SS thresholds and the duration of the events to 

accurately evaluate the SS conditions in the studied rivers. The SS thresholds in this 

study were selected from a review by Newcombe and Jensen (1996), which compiled 

data from field and laboratory studies and related adverse effects for fish assemblages to 

SS concentration and duration of exposure (frequency of dose). As already mentioned, 

models developed by Newcombe and Jensen (1996) present a number of limitations and 

are only based on fish assemblages. The drawbacks of the Newcombe and Jensen 
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approach (as described above) are related to the low number of empirical data used in 

the development of these predictive models as well as cases of data extrapolations 

beyond the matrix. Inherently, if the SS thresholds selected form these models are 

deficient; this can also be replicated in the development of the CDF curves. Hence more 

research is needed about ill effects of SS on different aquatic biota, in regards to its dose 

and frequency. An additional limitation of the CDF curves method reported by 

Schwartz et al. (2008) is its potentially reduced ability to capture maximum duration 

(low probability) events and the high frequency of low duration events. However, in the 

case of high-frequency low-duration events these might be considered to be less 

significant biologically (Schwartz et al., 2008). 

Nevertheless, despite their limitations the CDF curves shown here provided an 

important first step in developing a better understanding about the temporal variability 

of SS and its effect of aquatic organisms. In the case of sites that are in reference 

condition, relating SS concentrations, frequencies and duration of events to biotic 

responses of organism found there provides invaluable information about the resilience 

and the tolerance of the these organisms to the episodic disturbances caused by excess 

levels of SS.  

 

5.6 Conclusion  

Many existing international guidelines for SS (or turbidity) are based on the concept 

that there is a simple relationship between sediment concentrations and biological 

impacts as these relationships are well documented in the extensive scientific literature. 

However organisms respond not only to SS concentrations but also to the length of time 

a given SS is exceeded as well as to the frequency of such events. Owing to the 

complexity of these relations they are less known and understood. This is the case for 

many freshwater systems as such interactions are difficult to investigate in situ where 

other environmental variables or stressors might be affecting the responses of aquatic 

biota. Furthermore there is a clear research bias towards investigations into cases of 

environmental pollution, which are often brief with easily quantifiable effects. As a 

result there is very limited knowledge about the relationship between the SS regimes 

(characterised as concentration, duration and frequency) and the aquatic biota in 

ecosystems that are in reference condition. 
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This chapter has attempted to address those issues by demonstrating the ecological 

differences in SS regimes in contrasting ecosystems that are in RRC.  

The results showed that organisms (in the case of this study: fish assemblages) are 

experiencing events with behavioural, sub-lethal and potentially lethal effects in 

environments that are in RRC. The findings suggest that the organisms found in these 

ecosystems can tolerate a wide range of conditions and variations in their habitats. It 

also could be inferred that this natural variability is required in order to sustain the 

systems’ quality and healthy functioning. Alternatively there might be other factors that 

mitigate the severity of such effects. These factors might include: the shape and size of 

SS; other water quality parameters (e.g. temperature and dissolved oxygen) that could 

be potentially alleviating the negative effects of SS; and the timing of the events and 

whether the sediment is deposited or not and in what quantities.  

Consequently, the findings support the idea that has been developing in the recent years 

that water resource management practices should recognise rivers’ natural variability. 

The findings also endorse the belief that one universal SS standard is not adequate to 

recognise the natural variability of aquatic ecosystems. Moreover, there is a critical need 

for the development of ecologically relevant SS thresholds that could be applied in 

rivers and streams assessment programmes.  

The CDF curves developed in this chapter aim to illustrate a more ecologically 

meaningful way of depicting SS conditions than the summary statistics commonly used 

by researchers and water managers. The curves provide information on the temporal SS 

dynamics as well as the frequency and duration of SS events that aquatic organisms are 

exposed to. However it also has to be recognised that at present, the models developed 

in this chapter are incomplete as the data behind them are also limited. This could be 

improved by further studies that would include a wider range of tolerances thresholds 

and life stages of different aquatic biota, exposure data compatible to natural as well as 

disturbed conditions. Once more research is conducted and accomplished, they could be 

used as a tool for assessing ecosystem impairment in relation to the frequency of 

exceedance of specified SS concentrations. 
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6. Chapter Six: Particle size and geochemical composition 
of suspended sediment in contrasting RIVPACS 
reference-condition streams and rivers: implications 
for monitoring and management  
 

Part of the content of Chapter 5 is published in Earth Surface Processes and Landforms 

(2014) DOI: 10.1002/esp.3509. 

 

6.1 Introduction  

As discussed in detail within Chapter 2, the effect of SS is determined by its 

concentration, duration of exposure, particle-size distribution and geochemical 

composition (Bilotta and Brazier, 2008, Collins et al. 2011). Chapters 3 and 4 of this 

thesis examined how the concentrations of SS vary in contrasting RRC rivers and 

treated these concentrations as being comprised of similar material. This chapter (6) 

examines how the particle size and geochemical composition of SS varies in contrasting 

RRC streams and rivers. The monitoring and management implications of this research 

are then examined. 

 

6.2 Research aims  

(1) To investigate how the particle size and geochemical composition of SS varies 

in contrasting streams and rivers that are in RRC. 

 
(2) To evaluate the current techniques used to monitor the characteristics of SS. 
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The hypotheses of this research are: 

(1) There are significant differences in the particle-size distribution of SS that are 

observed in contrasting ecosystems that are in RRC. 

 
(2) There are significant differences in the organic carbon content of SS that are 

observed in contrasting ecosystems that are in RRC. 

 
(3) The conventional gravimetric technique for quantifying SS concentrations omits 

a significant proportion of the fine SS (<0.7µm) and therefore underestimates SS 

concentration. 

 
(4) The conventional combustion and loss-on-ignition technique for quantifying the 

organic carbon content of SS causes the loss of inorganic carbon and structural 

water from SS, and therefore overestimate organic carbon content. 

 

6.3 Methods  

Grab water samples and time-integrated SS samples were collected at four to eight-

week intervals between May 2011 and May 2013, from the water column of the RRC 

river study sites described in Chapter 4. The sampling is described in detail in Chapter 

4, but the subsequent laboratory and statistical analyses of those samples is discussed in 

detail below:  

 

Hypothesis 1: There are significant differences in the particle-size 

distribution of SS that are observed in contrasting ecosystems that are in 

RIVPACS reference condition. 

In order to address hypothesis 1, the time-integrated SS samples were analysed for their 

particle-size distribution (PSD) by running a well-mixed aliquot of the wet sample 

through a laser particle-size analyser (Malvern Mastersizer model Hydro 2000G). Bi-

monthly samples for each site were analysed independently in addition to a combined 

sample for each site (all bi-monthly samples combined). The analyser provides 800 ml 

dispersant volume, a pump and stirrer that ensure bias-free sampling and sonification 

probe to aid dispersion of agglomerates (Malvern, 2007). The Malvern Hydro 2000G 
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laser diffraction analyser detects particle-size distributions by measuring the angular 

variation in intensity of light scattered as a laser beam passes through a dispersed 

particulate sample. The angular scattering intensity data is then analysed to calculate the 

size of the particles responsible for creating the scattering pattern, using the Mie theory 

of light scattering. The particle size is reported as a volume equivalent sphere diameter 

(Malvern, 2012). The laser diffraction analyzer detects particles suspended in a fluid 

medium in a range of particle diameters between 0.02 μm to 2000 μm. 

The technique used to determine the PSD did not involve the removal of organic 

material as in this study SS refers to both organic and inorganic fractions. All samples 

were dispersed outside the unit by adding 5 ml of 5% sodium hexametaphosphate to the 

50 ml sample and shaking the suspension on a reciprocating shaker overnight. Before 

the analysis, samples also received a pre-measurement ultrasonic treatment for 90 s 

within the dispersion unit. Lastly each sample was circulated through and analysed by 

the instrument for 90 s, stirrer speed of 850RPM and an obscuration limit 5-20%. Three 

measurements wee taken per aliquot and an average was recorded by the instrument for 

each sample. The system was washed five times between each sample to prevent 

possible contamination. Regular checks and cleaning on the optical module were also 

performed. In addition, particle size standards (Test Dust Arizona Standards: ISO 

12103-1, A1 Ultrafine [ultra-fine test dust] and ISO 12103-1, A2 Fine [fine test dust]) 

were run on regular basis for quality control assessment. All analyses and washing 

sequences were performed using reagent-grade Type 1 water.   

 

Hypothesis 2: There are significant differences in the organic carbon 

content of SS that are observed in contrasting ecosystems that are in 

RIVPACS reference condition. 

In order to address hypothesis 2, the sub-samples of the grab samples were analysed 

using oxidative–combustion and CO2 detection technique similar to that described by 

Cauwet and Sidorov (1996), Durrieu De Madron et al. (2000), Uncles et al. (2000), 

Abril et al. (2002), and Trefry et al. (1994). In this study, an automatic C analyser 

(Shimadzu TOC-VCSH) was used. The automatic analyser first acidifies samples and 

purges them with oxygen to remove inorganic C. The sample is subsequently 

combusted at 680 °C and the CO2 emitted is then measured with an infrared detector. 
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The precision or reproducibility of this method was calculated to be ±6% in the range 

0.04–1.2 mg L-1, as determined through duplicate measurements of samples which 

collectively comprised at least 10% of the analyses. The instrument was calibrated using 

potassium hydrophthalate as the standard. The accuracy (i.e. closeness of the measured 

value to the ‘true’ value of the potassium hydrophthalate standard) was better than ± 3% 

in the range 0–10 mg L-1. Analysis was conducted on unfiltered and filtered subsamples 

of each sample (filtration through a dried, pre-combusted and pre-weighed glass fibre 

filter paper; Whatman GF/F, with a pore size of 0.7μm), in order to measure the total 

organic carbon (TOC) and DOC content, respectively, from which the POC 

measurements were derived (POC = TOC unfiltered – TOC filtered). The C analyser 

used in this study (Shimadzu TOC-VCSH) is capable of measuring the POC content of 

particles up to 280 μm in diameter (Wentworth Class = fine sand), in solutions with 

POC concentrations of up to 1000 mg L-1.  

 

Hypothesis 3: The conventional widely used gravimetric technique for 

quantifying SS concentrations omits a significant proportion of the fine SS 

(<0.7µm) and therefore underestimates true SS concentrations. 

In order to address hypothesis 3, the grab samples were analysed for SS concentrations 

using two gravimetric methods. Both methods involved filtration of a known volume of 

sample through a dried and pre-weighed filter using a vacuum filtration unit. One of the 

methods, the conventional method, involved the use of 0.7 µm pore-size glass fibre 

filter papers (Whatman GF/F), and which has been widely used in soil erosion and SS 

studies (Bilotta et al., 2007). The other method involved the use of 0.45 µm cellulose 

acetate membrane filter papers (Sartorius), and has previously been used in water 

quality studies (Hall et al., 1996, Haygarth and Sharpley, 2000, Horowitz et al., 1992). 

As recommended by APHA (1995) the 0.7 µm pore-size glass fibre filter papers were 

prepared by washing with three successive 20 mL portions of reagent-grade water and 

were then ignited in a muffle furnace at 550°C for 30 minutes. Subsequently the filters 

were rewashed with three successive 20 mL portions of reagent-grade water and dried 

in an oven at 103-105°C for one hour. Filters were then cooled in a desiccator to 

balance temperature and humidity, weighed until a constant weight was obtained and 

stored for the analysis. For the second method of SS analysis, the 0.45 µm cellulose 

acetate membrane filter papers were prepared by washing using reagent-grade water and 
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drying in an oven at 40°C for four hours as recommended by Evans (2001) and Jarritt 

(2004). The filter papers were then cooled in a desiccator to balance temperature and 

humidity, weighed until a constant weight was obtained and stored for the analysis. 

For both methods, the analysis involved passing a known volume of water sample 

through a prepared filter paper, followed by drying in a laboratory oven for: (1) one 

hour at 103-105°C for the 0.7 µm glass fibre filter papers; and (2) four hours at 40°C for 

the 0.45 µm cellulose acetate membrane filter papers, followed by cooling in a 

desiccator, and re-weighing. For both methods, the concentration of SS was determined 

from the following equation:  

𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑚𝑚 𝐿−1) =  
(𝐴 − 𝐵)

𝑠𝑐𝑚𝑠𝑠𝑐 𝑣𝑐𝑠𝑣𝑚𝑐 (𝐿)
 

where: A = weight of filter + dried residue (mg); B = weight of filter (mg) (Clesceri et 

al., 1998).  

 

Duplicate measurements of samples were also analysed for both methods for at least 

10% of the samples as recommended by APHA (1995) and correction for blanks was 

carried out. Before conducting a statistical significance test, data was examined for its 

distribution. A Shapiro-Wilk test showed that the difference between the SS 

concentrations determined by 0.45 µm and 0.7 µm were not normally distributed 

(p<0.001). Consequently the data was log transformed and tested once more for 

distribution. Again the Shapiro-Wilk test showed that the difference between the 

logarithmically transformed SS concentrations determined by 0.45 µm and 0.7 µm were 

not normally distributed (p=0.034). As a result a parametric paired t-test and a non-

parametric Wilcoxon sign-rank test were performed to verify the results. Both tests 

showed the same results and the parametric paired t-test results are reported here.  
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Hypothesis 4: The conventional combustion and loss-on-ignition technique 

for quantifying the organic carbon content of SS causes the loss of inorganic 

carbon and structural water from SS, and therefore overestimates true 

organic carbon content. 

In order to address hypothesis 4, the grab samples were analysed using the combustion 

and loss-on-ignition (LOI) technique described by Chow et al. (2009). This involved 

filtration of a known volume of sample through a dried, pre-combusted (550 °C for 30 

minutes) and pre-weighed glass fibre filter paper (Whatman GF/F) with a pore size of 

0.7 μm. The filters and their residue were then dried at 105 °C and reweighed. 

Following this the filters and their residue were ignited in a muffle furnace at 550 °C for 

30 minutes and then re-weighed. This is the standard technique for the determination of 

volatile organic matter (APHA, 1995, 1998). The precision or reproducibility of the LOI 

method was calculated to be ± 6% in the range 0.4–9.3 mg L-1, as determined through 

duplicate measurements of samples which collectively comprised at least 10% of the 

analyses. This observed precision is a composite measure of the differences involved in 

subsampling (potential errors derived from selection of a subsample of material for 

analysis from the main sample) and analysis (potential errors derived through laboratory 

measurements), as defined by Rawlins et al. (2009). There is no accepted chemical 

standard through which to determine the accuracy (i.e. closeness to the ‘true’ value) of 

the LOI method. As described by Chow et al. (2009), particulate organic carbon (POC) 

was estimated to be 50% of the weight difference between the dried residue and the 

ashed residue, after correction for blanks. This is an intermediate particulate organic 

matter (POM)–POC correction factor, falling between the 33% correction factor used by 

Lyons et al. (2002), Carey et al. (2005), and Goldsmith et al. (2008), and the 

conventional ‘Von Bemmelen’ factor of 58%. The POC measurements from this 

standard technique were compared to the POC measurements derived from the 

oxidative–combustion and CO2 detection technique used to address hypothesis 4. 

Before the statistical analysis, the difference between POC derived from combustion 

and loss-on-ignition and derived from oxidative–combustion and CO2 detection 

technique were tested for their distribution. Shapiro-Wilk's test showed that the data 

were not normally distributed (p<0.001). As a result the data were logarithmically 

transformed and tested again. The Shapiro-Wilk's test then showed that the transformed 

data were normally distributed (p=0.886). 
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6.4 Results  
 

Hypothesis 1: There are significant differences in the particle-size 

distribution of SS that are observed in contrasting ecosystems that are in 

RIVPACS reference condition. 

Table 6.1 presents the percentage of SS in different Wentworth-scale size fractions for 

samples collected from the ten study sites. Figure 6.2 shows average particle-size 

distribution of SS for each of the ten study sites. These data are also displayed in an 

alternative format in Figure 6.3, which presents the percentage of SS in different 

Wentworth scale sizes, and Figure 6.4, which presents a breakdown of the clay fraction 

data (<3.9 µm) with subclasses of particles <0.45 µm, particles > 0.45 µm and <0.7 µm 

as well as particles >0.7 µm and <3.9 µm. A one-way ANOVA test showed that there 

are statistically significant differences (F(9,48)=47.006, p<0.001) in the D50 of SS 

sampled from the ten study sites. The median particle size (D50) of SS varied from 8 µm 

for the River Rother to 32 µm for the River Dee. The D90 of SS varied between sites, 

ranging from 27 µm (River Rother) to 126 µm (River Dee) (Table 6.2). The median 

particle size appears to be partially related to the altitude of the site, as illustrated in 

Figure 6.1. 

 

 

Table 6.1 Particle-size distributuion according to the Wentworth scale with additional partition of the 
clay fraction 

                              Clay (%)                        Silt (%) Sand (%) 
 <0.45  

µm 
>0.45; <0.7 

µm 
>0.7; <3.9 

µm 
>3.9; <63 

µm 
>63; <1000 

µm 
 

Bodilly 0.03 0.42 6.57 84.92 8.05 
Dee 0.00 0.08 2.89 72.51 24.52 
Exe 0.05 0.47 8.39 81.92 9.17 
Fowey 0.00 0.00 2.04 75.29 22.67 
Great Ouse 0.06 0.57 13.90 80.83 4.64 
Milburn Beck 0.07 0.49 7.40 85.08 6.96 
Mire Falls Gill 0.00 0.14 4.22 83.24 12.40 
Rother 0.11 0.87 19.42 77.95 1.65 
Stinchar 0.01 0.33 5.19 74.50 19.97 
Thames 0.05 0.58 14.30 82.83 2.23 
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Table 6.2 Summary information on particle size characteristics 

 Particle size (µm)  
River D10* D50* D90* 
Bodilly  5 19 57 
Dee 8 32 126 
Exe 4 16 60 
Fowey 9 30 126 
Great Ouse 3 11 42 
Milburn Beck 5 17 53 
Mire Falls Gill 7 26 70 
Rother 3 8 27 
Stinchar 6 25 141 
Thames 3 10 31 
*D10 defines particle diameter below which 10% of the samples volume exists; D50 defines particle 
diameter below which 50% of the samples volume exists; D90 defines particle diameter below which 90% 
of the samples volume exists. 

 

 

 

Figure 6.1 Exploring the relationship between site altitude and median particle size of SS 
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Figure 6.2 Particle-size distribution in study sites (x-axis is log scale)
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Figure 6.3 Composition of combined time-integrated SS samples in study sites 
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Figure 6.4 Clay fraction sub-classes in study sites 
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Hypothesis 2: There are significant differences in the organic carbon 

content of SS that are observed in contrasting ecosystems that are in 

RIVPACS reference condition. 

Table 6.3 presents the mean organic carbon content of SS observed at the ten river sites. 

The concentrations of POC measured via the oxidative–combustion and CO2 technique, 

ranged from 0.15 mg L-1 at Mire Falls Gill to 0.62 mg L-1 at the River Stinchar. A one-

way ANOVA test showed that there are statistically significant differences (F(9,110) = 

4.932, p<0.001) in the mean organic carbon content of SS observed in the ten 

contrasting ecosystems studied. 

 

Table 6.3 Mean concentration of organic carbon in SS in study sites 

    POC via oxidative-combustion and CO2 detection  
(mg L-1) 

River N Mean S.D. 
Bodilly 11 0.40 0.25 

Dee 12 0.24 0.18 

Exe 11 0.27 0.34 

Fowey 12 0.25 0.16 

Great Ouse 13 0.60 0.27 

Milburn Beck 12 0.19 0.19 

Mire Falls Gill 11 0.15 0.15 

Rother 15 0.52 0.35 

Stinchar 11 0.62 0.30 

Thames 12 0.41 0.34 

Total 120 0.38 0.30 
 

Hypothesis 3: The conventional widely used gravimetric technique for 

quantifying SS concentrations omits a significant proportion of the fine SS 

(<0.7 µm) and therefore underestimates true SS concentrations. 

Table 6.4 presents the mean SS concentrations in study sites as determined by filtration 

through filters with 0.7 µm and 0.45 µm pore sizes. Figure 6.5 illustrates the difference 

between the SS concentrations derived from the filtration through the 0.45 µm 

membranes, compared to those derived from filtration through the glass fibre 0.7 µm 
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technique for the same samples. The differences are expressed as a percentage of the SS 

concentration derived from filtration through 0.7 µm method. A parametric paired t-test 

showed that there are significant differences between SS concentrations determined by 

filtration through 0.45 µm and 0.7 µm (p<0.001) pore size filter papers. Mean SS 

concentrations determined using 0.45 µm cellulose acetate membrane filters were 11.5 

mg L-1 (±18.0 S.D.). The results indicate that the filters with 0.45 µm pores capture an 

average 7.7% more SS (by mass) compared to the filters with 0.7 µm pores, in the sites 

studied (t(119) = 5.715, p<0.001, Cohen’s d=0.52). Cohen’s d is considered to be an 

objective and standardised measure of the magnitude of an observed difference, in case 

of this analysis d=0.52 signifies a medium size effect (Cohen, 1988). However, as 

demonstrated in Table 6.5, the differences are variable between the sites and range 

between 2.6 and 11.1% (River Dee and Thames respectively). 

 

 

Table 6.4 Mean SS concentrations in study sites determined by filtration through filters with 0.7 µm and 
0.45 µm pore sizes 

    SS concentration 
     0.45 µm 0.7 µm 
 
River 
 

N 
 

Mean 
 

S.D 
 

Median 
 

S.E.  
of 

mean 
Mean 

 
S.D. 

 
Median 

 

S.E.  
of 

mean 
Bodilly 11 19.2 23.5 5.9 7.1 17.1 20.7 5.4 6.2 
Dee 12 1.5 1.0 1.2 0.3 1.4 0.9 1.2 0.3 
Exe 11 14.4 31.4 5.2 9.5 12.6 26.8 4.8 8.1 
Fowey 12 1.7 1.1 1.4 0.3 1.7 1.1 1.4 0.3 
Great 
Ouse 

13 18.0 22.3 12.0 6.2 16.1 19.5 10.7 5.4 

Milburn 
Beck 

12 6.0 6.9 3.1 2.0 5.4 6.0 2.9 1.7 

Mire 
Falls Gill 

11 17.9 25.7 7.2 7.8 16.6 23.7 6.8 7.1 

Rother 15 15.8 15.2 12.1 3.9 14.2 13.2 11.1 3.4 
Stinchar 11 3.7 2.4 2.7 0.7 3.5 2.4 2.7 0.7 
Thames 12 16.1 10.7 13.1 3.1 14.4 9.4 11.7 2.7 
Total 120 11.5 18.0 5.9 1.6 10.4 15.9 5.4 1.5 
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Table 6.5 Percentage difference (%) between SS concentration from filtration through filters with 0.7 µm 
and 0.45 µm pore sizes 

 

Percentage difference (%) between SS concentration from 
filtration through 0.45 µm and 0.7 µm 

River N Mean S.D. Median S.E. of mean 
Bodilly 11 8.6 3.5 8.0 1.1 
Dee 12 2.6 4.6 2.1 1.3 
Exe 11 8.6 3.6 8.8 1.1 
Fowey 12 4.4 3.1 4.9 0.9 
Great Ouse 13 10.4 2.5 10.6 0.7 
Milburn Beck 12 8.4 3.0 8.2 0.9 
Mire Falls Gill 11 6.9 1.3 6.8 0.4 
Rother 15 10.5 2.4 10.1 0.6 
Stinchar 11 4.1 2.6 3.1 0.8 
Thames 12 11.1 1.8 11.3 0.5 
Total 120 7.7 4.0 8.0 0.4 
 

 

 

Figure 6.5 Differences between the SS concentration measured by filtration through 0.45 µm filter 
membranes, compared to SS concentration derived from the filtration through 0.7 µm for the same 
samples  
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Hypothesis 4: The conventional combustion and loss-on-ignition technique 

for quantifying the organic carbon content of SS causes the loss of inorganic 

carbon and structural water from SS, and therefore overestimates true 

organic carbon content. 

Table 6.6 presents the mean organic carbon content of SS sampled from the ten river 

sites, measured via the oxidative–combustion and CO2 technique and the combustion 

and loss-on-ignition technique. Figure 6.6 illustrates the relationship between the POC 

measurements derived from the LOI technique compared to those derived from the 

oxidative–combustion and CO2 detection technique for the same samples derived from 

each site. Figure 6.7 illustrates the difference between the POC measurements derived 

from the LOI technique compared to those derived from the oxidative–combustion and 

CO2 detection technique for the same samples derived from each site (expressed as a 

percentage of the POC measurement derived from the oxidative–combustion and CO2 

detection technique).  

The organic carbon content of SS, measured via the oxidative–combustion and CO2 

detection technique ranged from 0.19 to 0.62mg L-1. The organic carbon content of SS, 

measured via the combustion and loss-on-ignition technique (theoretical estimation of 

POC as 50% of LOI) ranged from 0.41 to 2.25 mg L-1. The results indicate that the 

combustion and LOI technique can overestimate POC by 15.8 times (mean average of 

three times), in the sites studied, though the differences between the techniques are 

highly variable both between sites and for each site over time. The results of a paired t-

test confirm that the observed differences between POC derived from the oxidative–

combustion and CO2 technique and the combustion and loss-on-ignition technique are 

statistically significant (t(119)=4.92, p<0.001).  
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Table 6.6 Mean concentrations of (A) POC via combustion and LOI and (B) POC via oxidative-
combustion and CO2 detection 

    
(A) POC via 

combustion and 
LOI (mg L-1) 

(B) POC via 
oxidative- 

combustion and 
CO2 detection 

(mg L-1) 

Difference in 
mean POC 

measurements 
as a percentage 

of (B) River N Mean S.D. Mean S.D. 

Bodilly 11 1.77 2.32 0.40 0.25 275 

Dee 12 0.41 0.28 0.24 0.18 155 

Exe 11 2.25 5.71 0.27 0.34 465 

Fowey 12 0.41 0.25 0.25 0.16 174 

Great Ouse 13 1.81 1.48 0.60 0.27 302 

Milburn Beck 12 0.97 1.17 0.19 0.19 484 

Mire Falls Gill 11 1.78 2.57 0.15 0.15 772 

Rother 15 1.7 1.01 0.52 0.35 321 

Stinchar 11 0.67 0.7 0.62 0.30 50 

Thames 12 1.22 0.8 0.41 0.34 351 

Total 120 1.3 2.17 0.38 0.30 332 
 

 

 

Figure 6.6 The relationship between the POC measurements derived from the LOI technique compared to 
those derived from the oxidative-combustion and CO2 detection technique for the same samples derived 
from each site (log-log scale)  
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Figure 6.7 Differences between the POC measurements derived from the LOI technique compared to 
those derived from the oxidative-combustion and CO2 detection technique for the same samples derievd 
from each site. The x-axis is log scale  

 

6.5 Discussion 
 

Hypothesis 1: There are significant differences in the particle-size 

distribution of SS that are observed in contrasting ecosystems that are in 

RIVPACS reference condition. 

A one-way ANOVA test showed that there are statistically significant differences 

(F(9,48)=47.006, p<0.001) in the D50 of SS observed in the ten RRC ecosystems 

studied. The median particle size, or D50, of SS varied between 8 µm for the River 

Rother to 32 µm for the River Dee. The D90 of SS varied between 27 µm for the River 

Rother to 126 µm for the River Dee. The River Rother is the site with the lowest 

altitude (4 m asl), the second highest percentage of the catchment solid geology 

comprised of clay (96.22%) as well as the highest percentage of silts and clays in its 

substratum (100%). River Dee is the site with the second highest altitude (320 m asl), 

the joint highest percentage of the catchment solid geology comprised of hard rocks 

(100%) and second joint highest percentage of boulders and cobbles in the river’s 

substratum (80%). Whilst it is not possible to conduct any meaningful multivariate 

statistics to test these observed patterns, and to develop a predictive model, the 
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observations do appear to support existing understanding on the controls on SS particle 

size in streams and rivers, including a general pattern of downstream fining modified by 

geological controls, and they provide further evidence of what the background particle 

sizes should be in undisturbed rivers across a wide range of environments. 

 

Hypothesis 2: There are significant differences in the organic carbon 

content of SS that are observed in contrasting ecosystems that are in 

RIVPACS reference condition. 

A one-way ANOVA test showed that there are statistically significant differences 

(F(9,110)=4.932, p<0.001).in the mean organic carbon content of SS observed in the 

ten contrasting RRC ecosystems studied. The concentrations of particulate organic 

carbon (POC) measured via the oxidative–combustion and CO2 technique, ranged from 

0.15 mg L-1 at Mire Falls Gill to 0.62 mg L-1 at the River Stinchar. These concentrations 

are fairly representative of those observed in undisturbed streams and rivers in Europe 

and North America, which are reported to range between 0.05 and 3.00mg L-1 

(Thurman, 1985), and provide further evidence of what the background concentrations 

of POC should be in undisturbed rivers across a wide range of environments. However, 

owing to the limited number of high-resolution monitoring sites studied as part of this 

project it is not possible to conduct any meaningful multivariate statistical analyses on 

these findings, in order to make a predictive model. 

 

Hypothesis 3: The conventional gravimetric technique for quantifying SS 

concentrations omits a significant proportion of the fine SS (<0.7 µm) and 

therefore underestimates true SS concentrations. 

A parametric paired t-test showed that there are statistically significant differences 

(p<0.01) in the masses of SS measured gravimetrically using filter papers with 0.70 µm 

and 0.45 µm pore sizes on water samples collected from contrasting ecosystems in 

RRC. The three rivers with the greatest differences (expressed as a percentage of the 

mass retained on the filter papers with the 0.45 µm pore size) between the masses 

retained on filter papers with 0.70 µm and 0.45 µm pore sizes, were the River Thames 

(average 11.1% lower measured with 0.70 µm compared to 0.45 µm pore sizes), the 

River Rother (average 10.5% lower measured with 0.70 µm compared to 0.45 µm pore 
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sizes) and the Great Ouse (average 10.4% lower measured with 0.70 µm compared to 

0.45 µm pore sizes). The three rivers with the lowest differences between the masses 

retained on the filter papers with 0.70 µm and 0.45 µm pore sizes were the River Dee 

(2.6%), River Stinchar (4.1%), and the River Fowey (4.4%). The particle-size analysis 

of time-integrated samples (which was not possible on the grab samples) showed that 

the River Rother had the highest content (by volume) of particles >0.45 - <0.7 µm 

(0.87%), followed by the River Thames (0.58%) followed by the Great Ouse (0.57%). 

The River Dee had the second lowest content (by volume) of particles >0.45 - <0.7 µm 

(0.08%), the River Stinchar had the fourth lowest (0.33%), and the River Fowey had the 

lowest content of particles >0.45 µm - <0.7 µm (0.00%). Though the data are not 

directly comparable, as the samples run through the filter papers were grab samples, 

whilst the samples run through particle-size analysis were time-integrated samples, the 

particle-size analysis provides some evidence to the observed differences in SS mass 

retention on filter papers with 0.70 µm and 0.45 µm pore sizes. The implications of 

these findings are that the use of filter papers with 0.70 µm pore sizes for the 

gravimetric determination of SS causes an average underestimation of the concentration 

of SS of 7.7% (varying between 2.6 and 11.1% in the contrasting sites studied) 

compared to filter papers with 0.45 µm pore sizes, which are commonly used to define 

the particulate-dissolved transition for other water quality parameters. 

 

Hypothesis 4: The conventional combustion and loss-on-ignition technique 

for quantifying the organic carbon content of SS, causes the loss of 

inorganic carbon and structural water from SS, and therefore 

overestimates true organic carbon content. 

A paired t-test showed that there are statistically significant differences (p<0.001) in the 

concentrations of particulate organic carbon measured via the combustion and loss-on-

ignition technique and measured via the oxidative–combustion and CO2 technique on 

water samples collected from contrasting ecosystems in RRC. The combustion and loss-

on-ignition technique overestimated POC by up to 15.8 times, but by a mean average of 

three times, in the sites studied, compared to the measurements made by the oxidative–

combustion and CO2 technique, in grab samples collected from a wide range of river 

environments. Possible causes of this overestimation of the POC content of SS are 

likely to be similar to those suggested by researchers investigating these relationships in 
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other substrates, and relate to the potential for loss of CO2 from minerals in substrates 

containing inorganic carbon for example siderite (FeCO3), magnesite (MgCO3), 

rhodochrosite (MnCO3), and dolomite (CaMg (CO3)2) when ignited in furnace 

temperatures of >425°C (Weliky et al., 1983). This may be more of a concern for 

samples collected from rivers draining catchments with a chalk or limestone- dominated 

geology. Both the River Thames and Great Ouse sites sampled as part of this study, 

have catchments comprised of >40% ‘chalk’ according to the River Habitat Survey’s 

(RHS’s) classification which amalgamates the British Geological Survey’s 116 Solid 

Geology classes into nine superclasses (Clarke et al., 2011).  

During the combustion stage of the LOI technique, there is potential for the loss of 

hygroscopic and intercrystalline water, not completely driven off by the drying stage at 

temperatures <150°C for clays, allophane, hydroxyl groups in sesquioxides, and 

octahedral sheets in phyllosilicate layers (Grewal et al., 1991, Mook and Hoskin, 1982, 

Schulte et al., 1991). This will be more of a concern for samples collected from rivers 

draining catchments with clay-dominated geology. The River Rother and Mire Falls 

Gill sites sampled as part of this study, have catchments dominated by ‘clay’ solid 

geology (96 and 100%, respectively), according to the RHS’s classification (Clarke et 

al., 2011).  

Decreasing the combustion temperature to <425°C, and increasing the drying 

temperature to >150 °C, are not likely to improve the accuracy of the LOI technique, as 

this may introduce other uncertainties associated with the incomplete combustion of 

organic matter (Bisutti et al., 2004), particularly for samples comprising older ‘fossil’ 

portions of POC which are often defined as chemically recalcitrant because of structural 

rearrangement at the high temperatures and pressures experienced in their depositional 

geological environment, prior to being carried by the river in the contemporary 

environment (Buseck and Huang, 1985, Hedges and Keil, 1995). Rosenheim and Galy 

(2012) demonstrated through use of ramped oxidative-combustion (pyrolysis at 

temperatures of up to 1000°C) and CO2 detection, coupled with radiocarbon analysis, 

that much higher temperatures (in excess of 600°C) are required in order to analyse 

these older/fossil fractions of POC.  

The observed poor performance of the LOI technique may also be due to the highly 

variable C content of fluvial organic matter, which was shown both across different 
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catchments and over time within each catchment. These findings would suggest that a 

simple application of a fixed correction factor to values obtained from the LOI 

technique is not appropriate (Howard and Howard, 1990). The C content of fluvial 

organic matter appears to be more variable than the C content observed in soil organic 

matter (Pribyl, 2010). This may, in part, be due to a higher chance of error introduced 

by the use of smaller samples of organic matter in the techniques used for analysis in 

fluvial SS studies compared to those used to analyse soils (Rawlins et al., 2009).  

However, a large part of this variability in the C content of fluvial organic matter may 

reflect the variable sources of POC in fluvial environments, varying from pulses of 

organic matter derived from allochthonous sources such as from soil erosion or leaf 

litter from terrestrial vegetation during autumn in temperate environments, to pulses of 

organic matter derived from autochthonous sources such as phytoplankton and/or 

aquatic macrophytes during the spring/summer. At certain times of the year, fluvial 

POC may be dominated by contributions from autochthonous sources, and it is well 

documented that aquatic primary producers tend to possess less structural tissue, and 

therefore contain a lower proportion of C, than their terrestrial counterparts (Shurin et 

al., 2006).  

 

6.6 Conclusion  

The research presented in this chapter has shown that there are statistically significant 

differences in the particle-size and geochemical composition (specifically the organic 

carbon content) of SS sampled from contrasting RRC ecosystems. The median particle 

size of SS captured by time-integrated samplers varied four-fold, from 8 to 32 µm in the 

sites studied. The organic carbon content of SS, measured using oxidative-combustion 

and CO2 detection on grab samples, also varied approximately four-fold, from 0.15 to 

0.62 mg L-1 in the sites studied. Whilst, owing to the limited number of high-resolution 

monitoring sites studied as part of this project, it is not possible to conduct any 

meaningful multivariate statistical analyses in order to make a predictive model, the 

observations do provide further evidence of what the background SS composition 

should be in undisturbed rivers across a wide range of environments. 
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As discussed in Chapter 4, the sites were systematically selected, from a database of 

over 795 RRC stream and river sites across the UK, to be representative of ecosystems 

that occur in the most contrasting environments. Consequently the findings presented in 

Chapter 5 can be considered representative of the range of conditions that might be 

expected if reference-condition sites in similar environments were sampled using the 

same methodology.  

The findings presented in this Chapter also suggest that the conventional gravimetric 

method (using filter papers with 0.7 µm pore sizes) for determining concentrations of 

SS can lead to an underestimation of the total SS in a sample, by an average of 7.7%, 

across all of the sites studied, and compared to filter papers with 0.45 µm pore sizes. By 

omitting this fine fraction of SS from measurements, researchers are potentially 

inhibiting their understanding of: (1) the impacts of land-use on SS 

concentrations/loads, (2) the relationships between turbidity and SS, and (3) the 

linkages between sediment concentrations and biological impacts. Furthermore, 

inaccurate estimations of SS (as well as its chemical components) can lead to imprecise 

evaluations of soil erosions rates, magnitude of eutrophication problems and quantities 

of transported contaminants. If researchers were to switch to using filter papers with 

0.45 µm pore sizes for gravimetric determination of SS concentrations, this would 

provide more accurate measurements of total SS concentrations, and would harmonise 

the operational definition of what is defined to be ‘dissolved’ and ‘particulate’, in line 

with definitions used for other water quality parameters.  

The filter papers with 0.45 µm pore sizes are composed of cellulose-nitrate and are not 

suitable for combustion at 550 °C for determination of VOM or POC which can be 

carried out using the glass fibre filter papers with 0.70 µm pore sizes. However, the data 

presented in this chapter questions the accuracy of these combustion and loss-on-

ignition techniques. The magnitude of the errors in POC measurements derived from the 

LOI technique are considerable and are not redeemable through fixed correction factors. 

Oxidative-combustion and CO2 detection techniques not only offer improved accuracy 

of POC determination, but also offer opportunities to couple this with other analyses 

such as measurement of the concentrations of other elements (nitrogen and hydrogen) 

and/or analysis of isotopic composition. It is through use of these more advanced 

techniques that we can accurately quantify POC fluxes and improve our understanding 
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of the controls on the magnitude of the fluxes, and their impacts on freshwater 

communities.  
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7. Chapter Seven: Development of guidelines for 
suspended sediment: conclusion and recommendation 
for the future  
 

7.1 Overview  

Managing freshwater resources is one of the greatest challenges facing humanity in the 

21st century due to increasing global population and projected impacts of climate 

change. As a result, a number of countries and their governments have recognised a 

need to monitor and control water quality in surface waters by comparing water quality 

parameters against established standards and guidelines. The main purpose of these 

monitoring programmes is to identify water bodies that are negatively affected by 

human activities as well as to monitor any changes (e.g. decline or improvement) in the 

quality of the examined aquatic systems. One of the commonly monitored water quality 

parameters are suspended sediments (SS).  

SS are a natural and highly dynamic component of all aquatic ecosystems essential to 

habitat heterogeneity and ecological functioning (Foster et al., 2011). The quantity of 

SS can, however be altered through a number of anthropogenic activities. Modified 

inputs of SS can then lead to alterations to the physical, chemical and biological 

properties of the water bodies (see Chapter 2). In such cases, the quantity or quality of 

the SS might have to be managed (Netzband, 2007). 

In recognition of the potential for SS to cause aquatic degradation, and in an effort to 

minimise this degradation, government-led environmental organisations from around 

the world have established water quality thresholds for SS (occasionally expressed as 

turbidity) based on the assumption that there is a direct positive relationship between the 

SS concentration and ecological impact (Newcombe and MacDonald, 1991). However, 

at present these guidelines are often singular values that do not recognise the natural 

variability of aquatic ecosystems. Furthermore, the biological/ecological impact 

evidence they are based on has been shown to suffer from a number of limitations 

(Armstrong et al., 2003, Collins et al., 2011). Consequently these guidelines may not 

reflect the specific requirements of the biological communities that they are designed to 

protect (see Chapter 3) (Bilotta et al., 2012; Collins et al., 2011).  
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In Europe the main legislation responsible for protection and management of freshwater 

resources is the EU Water Framework Directive (WFD) (Jordan, 2005). It improves the 

previous legislation through the introduction of the use of ecological as well as chemical 

standards and objectives, and integrated approach to the management of groundwater 

and surface water quality and quantity (Crane, 2003). As described in Chapter 3, the 

directive that previously controlled and regulated the quantities of SS in fresh water 

bodies suitable for sustaining fish populations was the EC Freshwater Fish Directive 

(78/659/EEC and 2006/44/EC). The FFD stated that average concentration of SS in 

salmonid and cyprinid waters should not exceed 25 mg L-1 apart from exceptional 

weather or special geographic condition (EC, 2006). However it has been also 

acknowledged that this type of guideline (an annual mean) as stated by the UKTAG 

(2008a) “is not appropriate for tackling occasional events such as run-off from land”. 

Consequently, it has been suggested that the guideline for SS as it stands at the moment, 

should not be directly added into a definition of good ecological status under the WFD 

(UKTAG, 2008a). Moreover, the exceedance of the annual mean should not 

automatically mean that the freshwater ecosystem is not in good ecological condition.  

At the same time, in streams where SS concentrations are typically low (e.g. chalk 

streams), an annual mean of 25 mg L-1 would represent a large increase in SS and would 

therefore be a cause for concern (UKTAG, 2008a). As such, it is advocated that the SS 

threshold should not be applied across the board for all waters, and that the guideline 

should be reviewed and if possible a new standard developed (UKTAG, 2008b). In such 

a case, the developed standard might be linked to individual catchment characteristics 

and the monitoring of specific events that have potentially negative impacts on the 

ecosystem. It also might be necessary to develop a number of thresholds that take into 

account length of time of exposure, the frequency of events as well as the time for a 

aquatic community to recover (UKTAG, 2008a). 

 

Work presented in this thesis has investigated the spatial and temporal variations of SS 

regimes in contrasting freshwater ecosystems and evaluated the suitability of water 

quality guidelines for SS to protect them. The thesis also questioned the commonly 

used, conventional representations of SS guidelines and their suitability for representing 

such a highly temporal water quality parameter. The research in this thesis also 

investigated the biological effects of SS dynamics on aquatic organisms in distinct 
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ecosystems that are in RRC and attempted to develop a concentration-duration-

frequency approach to representing SS regimes. The research also evaluated standard 

analytical methods used commonly for the determination of particulate organic carbon 

and SS concentration. Failure to recognise the findings presented in this thesis will 

result in the inaccurate assessment of the composition and the quantities of SS entering 

the freshwater environments; inaccurate assessment of the ecosystems’ condition and 

their compliance with the water quality guidelines set by environmental legislation such 

as the EU Water Framework Directive (2000/60/EC). 

In this final Chapter of the thesis, the findings of the research reported in Chapters 3-6 

are summarised with systematic recourse to the original research aims as laid out in 

Chapter 1. The implications and significance of the outcomes of the study are examined 

and recommendations for future research suggested.  

 

7.2 Synthesis  

Aim 1: ‘To support the development of environment-specific water quality 

guidelines for SS’ 

This aim was addressed through work reported in Chapter 3-5. This was achieved by: (i) 

quantifying the dynamics of SS observed in contrasting ecosystems that are in RRC, 

and (ii) developing a model for predicting environment-specific mean SS 

concentrations. The evidence to support the aims of this part of the research was 

compiled by conducting a comprehensive study of low-resolution mean SS data from 

638 RRC sites together with high-resolution field surveys of ten RRC stream and river 

sites from across the United Kingdom using the reference condition approach. This 

particular method was elected from a number of available approaches (e.g. 

paleolimnological, expert knowledge) as it offered an opportunity to explore spatial, 

temporal and ecological differences between reference ecosystems.   

Consequently the RIVPACS IV database and model was selected as a source of data 

about the UK river sites that are in reference condition. The RIVPACS IV database 

offered records of 638 sites, their catchment characteristics and long-term historical 

mean SS concentrations. The RIVPACS IV model also categorised the reference sites 

into 43 End Groups (communities) in accordance with the distinct invertebrate 
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communities and environmental features found at the sites. To demonstrate the 

differences in SS regimes and to provide evidence for the development of improved SS 

guidelines, ten RRC sites were selected with the most contrasting environmental 

parameters. As the RIVPACS IV offers only low-resolution SS concentration data 

(usually collected at monthly intervals), a high-resolution (15-minute frequency) 

monitoring programme was established to ensure the capture of the temporal dynamics 

of this water quality parameter. To ensure the capture of any annual variations in the SS 

regimes, the data was collected for two years between 2011 and 2013.  

Chapter 3 examined spatial variations in mean SS concentrations in 638 RRC sites in 

the UK collated in the RIVPACS IV database and model. The study based on the 

historical SS data demonstrated that there were 15-fold differences between the mean 

SS concentrations in contrasting ecosystems (End Groups) when in RRC. All 

ecosystems but one had the mean SS concentrations lower than the current EU water 

quality guideline of 25 mg L-1. The lowest observed mean background concentration of 

SS was 1.7 mg L-1 (End Group 6) whilst 78% of ecosystems had mean SS 

concentrations at levels less than half of the current EU water quality guideline. The 

highest recorded mean concentration of SS equalled to 26.2 mg L-1 (End Group 33), 

which exceeded the EU Fisheries Directive guideline despite being in RRC. To enhance 

the results reported in Chapter 3, high-frequency monitoring was carried out in ten 

contrasting RRC sites between 2011 and 2013 and the outcomes of that research were 

presented in Chapter 4. The results showed over nine-fold differences in the mean SS 

concentrations between the ten contrasting river sites. Two of the river sites studied, the 

Bodilly and the Great Ouse, had mean SS concentrations (29 mg L-1) that exceeded the 

current EU guideline. Five of the river sites had mean SS concentrations that were less 

the half of the EU guideline. In the case of one site (River Fowey) the mean SS 

concentration was over an eighth of the EU guideline. The degree of variation in mean 

SS concentrations between contrasting RRC sites reported in Chapter 4 supported the 

findings from the RIVPACS data shown in Chapter 3.  

In addition to investigating the SS dynamics of the ten sites, Chapter 4 also explored 

their temporal variability. The results presented in Chapter 4 demonstrated significant 

temporal differences in SS concentrations between year one (2011-2012) and year two 

(2012-2013). In one case (River Great Ouse) there was a three-fold increase in SS 

concentrations from year one (14 mg L-1) to year two (42 mg L-1). The investigation of 
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the temporal differences in SS concentrations using the concentration-frequency 

analysis also showed that different ecosystems were experiencing potentially 

detrimental effects of SS (as defined by the current EU guideline ≥ 25 mg L-1) between 

1.2% (River Fowey) and 45% (River Bodilly) of the time on average. Furthermore the 

examination of the inter-annual variations of SS in the sites showed that in some cases 

(River Great Ouse) the exceedance of the current guidelines were experienced in one 

year for 17% of time, whilst in the following year those concentrations were observed 

for 40% of time. 

The results from that study demonstrated that a static single statistic such as the annual 

mean SS concentration is not a suitable representation of the average SS conditions for 

such a highly variable water quality parameter. This is because a mean concentration 

can be achieved through many scenarios with each having a very different effect on the 

ecosystem (Bilotta et al., 2012). The magnitude of the SS effects also depends on the 

duration of SS events, their frequency and the recovery time between them (Bilotta and 

Brazier, 2008, Chapman et al., 2014, Newcombe and MacDonald, 1991). The results 

from the study into the spatial variability of SS conditions provided evidence that some 

ecosystems might not be able to comply with the current guideline despite being in 

RRC and also suggested that sites that are naturally low in SS and conform to the 

guidelines might experience adverse effects of SS at levels below the recommend 

annual threshold of 25 mg L-1. As a result, these findings offer undisputable support to 

the view that the SS guidelines should be based upon individual catchments and be 

ecosystem specific.  

Consequently, this compiled evidence and knowledge of the spatial and temporal 

variability of SS conditions in different environments should be used by policy makers, 

freshwater managers and scientists to revise current SS standards and utilised in the 

development of more advanced SS guidelines and related legislations than those 

currently in place. Section below summarises and discusses some suggestions for the 

development of more comprehensive standards for SS. 
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Recommendations for advancement of the SS guidelines 

Based on the evidence and knowledge reported in Chapter 4, an introduction of other 

statistics than mean concentrations (e.g. percentiles, minimums, maximums) could 

considerably improve the current SS guidelines by allowing them to recognise SS 

variability. The examples of SS concentration percentiles drawn from this study are 

shown in Table 7.1. 

 

Table 7.1 SS concentration percentiles for the study sites 

SS concentration (mg L-1) 

  

Minimum 

5th 
percentile  

30th 
percentile  

50th 
percentile  

90th 

percentile  
Maximum 

C95 C70 C50 
(median) C10 

Bodilly 0 0 11 22 66 357 
Dee 0 0 1 3 14 304 
Exe 2 3 3 7 35 591 
Fowey 1 1 1 1 4 460 
Great 
Ouse 2 3 3 6 79 857 

Milburn 
Beck 1 1 1 3 14 380 

Mire Falls 
Gill 2 3 3 8 27 492 

Rother 1 1 3 6 25 407 
Stinchar 1 1 1 6 32 701 
Thames 1 2 4 7 22 234 
 

An approach to setting SS targets using SS concentration percentiles was also recently 

proposed and explored by Cooper et al. (2008) using data from over 100 UK sediment 

yield estimates, a large number of catchment characteristics and five simple river 

catchment typologies (Table 7.2). Cooper et al. (2008) also proposed the use of the SS 

lower quartile as a potential target value and the upper quartile value as an indicator of a 

potential problem. The approach offers a step towards the development of more 

accommodating and flexible SS guidelines that would also allow those involved with 

the management of water resources to assess the SS conditions in a way that identifies 

natural variability of the environment and avoids the problem of inter-annual variability. 

However, due to limited spatial and temporal data, lack of links to ecological evidence 
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and the use of SS yield (t km-2 year-1) rather than concentrations, the approach taken by 

Cooper et al. (2008) is still constrained in its ability to provide adequate protection to 

aquatic ecosystems from the negative impacts of SS. Similarly, even though the data 

relating to SS concentration percentiles presented in this research have better spatial and 

temporal coverage than the method used by Cooper et al. (2008), the data do not relate 

to the ecology.  

 

Table 7.2 Target and critical SS yields for different catchment types across England and Wales proposed 
by Cooper et al. (2008) 

Catchment type 
Target SS yield  
(t km-2 year-1) 

Critical SS yield  
(t km-2 year-1) 

 
(lower quartile) (upper quartile) 

High impermeable peat 50 >150 
Low impermeable peat No data No data 
Low permeable Chalk 2 >5 
High impermeable  
(non-peat, non-chalk) 10 >20 
High permeable  
(non-peat, non-chalk) No data No data 
Low impermeable  
(non-peat, non-chalk) 40 >70 
Low permeable  
(non-peat, non-chalk) 20 >50 
 

Following the recommendations by UKTAG (2008a) that SS assessment and guidelines 

should be ecosystem-specific and linked to the individual catchment characteristics, the 

study also proposes a model to predict a site’s mean SS concentration, using the 

historical RIVPACS IV environmental data. Chapter 3 developed a model to predict 

mean background SS concentration, in the form of one of four SS ranges (0.00-7.99; 

8.00-15.99; 16.00-23.99; and ≥ 24 mg L-1), based upon use of: mean annual 

temperature, distance from source, mean altitude of upstream catchment, time upstream 

catchment soils are wet, and the percentage of catchment area covered by River Habitat 

Survey’s (RHS) Solid Geology Superclass 0, 3, 4, 6, and 8 (none, clay, shale, chalk and 

hard rocks respectively). The MDA model based on four classes for SS concentration 

allocated sites to the correct group in 63% of cases. It allocated sites to the correct or 

next closest class in 92% of cases.  
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The MDA model however has presented one major limitation. As the data presented in 

Chapter 3 was based on low-resolution historical survey data and therefore unlikely to 

capture the full temporal variation of hydrological conditions, the results reported could 

only be considered as representative of the average background SS concentrations. 

Consequently, the model has been supplemented by the high-resolution data collected 

during the monitoring programme during 2011-2013 in ten RRC sites selected from the 

RIVPACS IV that provided additional evidence of SS conditions in such ecosystems. 

However, owing to the limited number of high-resolution monitoring sites studied 

during 2011-2013, it was not possible to develop a MDA model similar to the one in 

Chapter 3. Instead, the SS data collected during this research were employed to validate 

it. The outcomes of that process showed that the model predicted the study sites’ 

membership to the correct group in 50% of cases and the correct group or the next 

closest group in 90% of cases for mean SS concentrations derived from the high-

resolution dataset and grab samples. These results were similar to the performance of 

the MDA model developed in Chapter 3. In one site (River Bodilly) the mean SS 

concentration during 2011-2013 (29 mg L-1) did not conform to the model prediction 

allocation to group 1 (0-7.99 mg L-1) or groups 1 and 2 (0-15.99 mg L-1). The reason for 

that could be that the site received an unusually high input of SS during the field study 

period. It is also possible that the site is no longer in RRC as it also presented mean SS 

concentration outside the RIVPACS End Group it belongs to (section 4.4). 

 

Although the MDA model developed in Chapter 3 offers a significant improvement to 

the current SS guidelines and could be employed to predict ecosystem mean SS ranges 

based on their environmental characteristics, it presents one major constraint which was 

its inability to recognise SS temporal fluctuations and factors that have significant 

influence on the aquatic biota and their responses to SS condition. These factors were 

investigated in Chapter 5.  

Centred on the review of the biological evidence literature by Newcombe and Jensen 

(1996) and the SS concentration and duration thresholds developed there for fish 

species, the study reported in Chapter 5 explored the duration, severity and frequency of 

SS exposure events in ten study sites in order to gain a better understanding of the SS 

conditions that are affecting aquatic communities present in these ecosystems. 

Understanding the role of SS exposure and recognition of its significance on aquatic 
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biota has only been recognised recently as an important factor that should be considered 

by environmental guidelines (Bilotta et al., 2012; Chapman et al., 2014; Collins, et al., 

2011; Thompson et al., 2014). This study quantified and demonstrated considerable 

differences in the number of SS events that cause behavioural and physiological 

responses in different fish groups. The data were then used to develop concentration-

duration-frequency curves as proposed by Robinson and Roby (2006) and Schwartz et 

al. (2008). The results of this research showed that ecosystems that are in reference 

condition are experiencing events that have potentially lethal and sub-lethal effects on 

fish assemblages such as salmonids and freshwater species.  

Such findings could be explained in two ways. Firstly, natural variability of the 

ecosystems should be expected and events that possibly have adverse effects on the 

aquatic biota, might be beneficial and necessary to the health of the ecosystems in the 

longer term through their potential rejuvenation (Poff, 2009). Secondly the uncertainty 

of the findings should also be recognised. The thresholds for SS concentration and 

duration used for the development of CDF curves in this research were derived from 

models developed by Newcombe and Jensen (1996), which suffer from a number of 

limitations. These limitations were discussed in detail in section 5.5 but relate mainly to 

the large extrapolations performed during the development of the models and the 

limited numbers of empirical examples used. Additionally there have been more 

reservations expressed recently about the quality of some biological impact data studies 

in the past due to the lack of standardised laboratory experiment designs and protocols 

as well as difficulties associated with the extrapolation of the outcomes of toxicology 

experiments to field conditions (Collins et al., 2011, Cordone and Kelley, 1961, Patten, 

1984).  

Nevertheless, the CDF models developed in Chapter 5 offer a first step towards the 

development of alternative standards for SS, as they recognise the intermittent nature of 

SS dynamics and also embrace the factors that are important to aquatic communities 

despite their uncertainties and reservations. Furthermore this approach is slowly gaining 

recognition (especially in the US) amongst water quality mangers that are employing it 

to identify events when parameters such as turbidity exceed nominated thresholds 

continuously for a particular amount of time in a distinct period. In the recent cases, the 

chosen thresholds were based not only on the aquatic life thresholds described by 

Newcombe (2003) but also on drinking water treatability levels (Borok, 2014).  
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At the same time, before such an approach can be fully included and incorporated into 

the development of SS standards, more biological research on SS dose-response and 

duration on more species would be needed to strengthen its position as an alternative to 

the current guidelines. Likewise, more reference ecosystems also would need to be 

investigated to fully represent a variety of ecosystems found in the UK or globally. 

Sequentially this would aid a development of CDF models for larger areas of interest. In 

order to achieve that goal however, a high-resolution monitoring programme similar to 

the one carried out during 2011-2013 would have to be implemented.   

 

Aim 2: ‘To support the advancement of the techniques used for quantifying and 

characterising SS in aquatic environments’ 

This aim was addressed through work reported in Chapter 4 and 6. This was achieved 

by: (i) evaluating the optimal methods for monitoring SS concentrations and 

composition in these different ecosystems; and (ii) identifying how the characteristics of 

SS vary in contrasting ecosystems that are in RRC. The evidence to support the aims of 

this part of the research was compiled by conducting a statistical analysis of the SS 

concentration data collected during high-resolution field surveys of ten RRC river sites 

between 2011 and 2013 and laboratory based study on the SS samples collected during 

that monitoring programme.  

Chapter 4 examined and evaluated the impacts of sampling frequencies on SS 

concentrations estimations. The results of that study showed that differences between 

SS concentration in high-resolution sampling (every 15 minutes) and lower resolution 

sampling vary between rivers and sampling regimes. For all study sites, weekly and 

monthly sampling showed the highest differences in mean SS concentrations 

estimations in relation to the mean concentrations derived from 15-minute sampling 

frequency of SS. The mean SS concentrations derived from weekly sampling showed 

differences of up to 94% of values derived from 15-minute sampling frequency, with an 

average difference of 22.6% for all ten sites. Monthly sampling showed differences of 

up to 53% of values derived from 15-minute sampling frequency, with an average 

difference of 24.4% for all ten sites. The implications of the findings are that the 

monitoring frequencies should be carefully selected and defined in accordance to the 

purpose of the monitoring programmes. 
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Chapter 6 examined the differences in the composition of SS in contrasting aquatic 

environments as well as evaluated the methods used to quantify it. The study showed 

that there are statistically significant differences in the particle size and geochemical 

composition (specifically the organic carbon content) of SS sampled from contrasting 

RRC ecosystems. The median particle size of SS captured by time-integrated samplers 

varied four-fold, from 8 to 32 µm in the sites studied. The organic carbon content of SS, 

measured using oxidative-combustion and CO2 detection on grab samples, also varied 

approximately four-fold, from 0.15 to 0.62 mg L-1 in the sites studied. Such significant 

differences could be expected as the sites selected for this study represent ecosystems 

that occur in the most contrasting environments.  

The evaluation of methods currently used in the determination of SS also showed 

significant differences between them. A comparison of the gravimetric techniques for 

quantifying SS concentrations using two types of filter papers with different pore sizes 

showed that there are significant variations between them. The results of the study 

indicated that filters with 0.45 µm pores capture on average 7.7% more SS (by mass) as 

compared to the filters with 0.7 µm pores, but the differences are variable between the 

sites and range between 2.6 and 11.1%. A comparison of the popular techniques for 

quantifying the organic content of SS also showed significant variations in the results 

obtained from them. The results of the study indicate that the loss-on-ignition technique 

can overestimate particulate organic carbon on average by three times, but the 

differences are variable between the sites and can be as much as 15.8 times. The results 

of this study suggest that there are no simple correction factors that would permit 

comparison between the studies. Such findings indicate that a lack of harmonised 

laboratory techniques can lead to inaccurate estimation of soil erosion rates, 

eutrophication, pollution problems, assessment of the management practices and 

compliance with guidelines. 

 

Recommendations for advancement of the monitoring techniques  

Assessment of the impact of SS on aquatic ecosystems requires adequate and accurate 

knowledge and estimation of SS concentrations and its dynamics. The accuracy of those 

estimations depends on factors such as the sampling frequency and the analytical 

procedures, as was demonstrated by this research. 
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Based on the finding reported in this study, guidelines for SS should be developed using 

the data collected during high-intensity monitoring programmes as they can capture the 

full breath of SS conditions observed in natural environments. The high-resolution SS 

data could be employed in the development of SS standards founded on other statistics 

besides annual mean concentrations for example percentiles or the development of the 

CDF models. However at the present the utilisation of those novel approaches is still not 

entirely possible due to their limitations as described in the earlier section. 

Whilst the high-resolution monitoring of SS dynamics should be recommended as the 

most appropriate approach in the development of improved SS guidelines, such an 

approach might not be possible for the regulatory monitoring and assessment of 

compliance due to high economic costs and resource requirements. As a result of the 

recent economic climate, resources such as equipment, staffing and transport can be a 

limiting factor in sustaining efficient monitoring programmes (Horowitz, 2013). 

Consequently freshwater managers are required to minimise the costs associated with 

traditional monitoring whilst ensuring that monitored resources are protected or restored 

to satisfactory conditions. In such instances, an alternative to the low-resolution water 

sampling could also be suggested in the form of biological monitoring. Recent research 

on the development of a Proportion of Sediment-sensitive Invertebrates (PSI) index 

provides a proxy to describe the extent to which the surface of the riverbed is composed 

of fine sediments. The approach examines the invertebrate community composition and 

presence of species sensitive to sedimentation but so far has been tested on only two 

catchments in the UK (Extence et al., 2013). Such an approach could however be 

developed further and applied to determine the ecological status of river sites on a 

periodic basis (as is current practice across the EU for a number of other water quality 

parameters). Consequently, at the sites where the biological community composition 

deviates significantly from the reference-condition community for that ecosystem-type, 

a high-resolution SS monitoring could be used to investigate the digression and its 

extent from expected SS conditions. Furthermore such an approach would be able to 

provide information on the timing of SS fluxes and whether they occur during 

biologically sensitive times (e.g. egg incubation periods) or are linked to specific land 

use practices upstream (e.g. change from spring to autumn cereal sowing, slurry 

applications). If the deviation from the SS regimes was to be significant in comparison 
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with the SS regimes observed in equivalent ecosystems then mitigation procedures at 

such sites would have to be implemented to improve their condition.  

The investigation into the impacts of different analytical methods used in the 

determination of the SS concentration and its composition, suggest that there is a clear 

need for their standardisation and consistency. Improved and standardised laboratory 

techniques would lead to more accurate and precise evaluation of soil erosion rates, the 

magnitude of eutrophication problems and the amount of transported contaminants. This 

could further lead to more accurate conclusions in modelling applications developed for 

instance to assess catchment compliance with the SS targets (Collins and Anthony, 

2008) or to predict pollutant concentrations (Ani et al., 2010, House and Warwick, 

1998). Additionally it would aid our understanding of: (1) the relationships between 

turbidity and SS; (2) the linkages between sediment concentrations and biological 

impacts; and (3) the impacts of land use on SS concentrations/loads. This could lead to 

the development of enhanced and harmonised databases for the benefit of policy-

makers, environment agencies, water quality managers and stakeholders. This would 

also increase the quality of the evidence allowing the scientific community to advance 

and share their knowledge about SS as well as enhance our understanding of SS regimes 

and therefore to support the development of more advanced water quality guidelines for 

SS. 

 

7.3 Future research  

The work presented in this thesis has significantly improved our understanding of the 

relationship between environmental factors and the presence of SS in the aquatic 

systems. The thesis provided evidence of very distinct SS regimes in contrasting 

ecosystems which are in reference conditions as well as the influence of the methods 

selected to investigate the SS on its estimations and measurements. The study also 

highlighted possible targets for future investigations.  

In this research, the investigation into the SS spatial and temporal variability was 

carried out in ten very distinct ecosystems to represent the most contrasting 

environmental conditions in the UK. The decision behind the selected number of study 

sites was influenced by two factors: (1) the RIVPACS IV MDA model which selects 

environmental variables with greatest influence on the macroinvertebrate communities’ 
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composition; and (2) feasibility of the project of this scale. As mentioned in Chapter 3, 

the RIVPACS IV model uses 11 environmental variables (selected as the most optimal 

sub-set from the original 28 variables in RIVPACS I) (CEH, 2014c). This however 

should not imply that other environmental factors do not influence the SS conditions in 

the aquatic environments. For that reason, it is suggested that further research is 

required in sites that are in reference condition but with a broader range of 

environmental characteristic as well as with some additional ones (e.g. land 

use/coverage, catchment size), as these could potentially have different SS regimes to 

those reported in this thesis. The differences between the SS regimes and sites however 

might not be observed immediately in the form of the mean annual SS concentrations 

(as the study sites were selected to represent the most contrasting environments) but 

more probably in the analysis of the SS frequencies and duration of SS events. 

Besides broadening the general scope of the current study, further research of SS 

regimes in more reference sites would also allow an additional validation of the MDA 

predictive model developed in Chapter 3. As it stands, the model has been validated 

only with the SS data obtained from the ten sites collected during this study, which in 

comparison with the total number of RIVPACS IV sites (638) might not seem fully 

sufficient. Further research in more reference condition sites would also allow the 

assessment of the model’s response to replacing factors that are temporally variable 

(e.g. mean temperatures and precipitation) from the long-term averages to annual 

averages. 

More research in additional reference sites would also further the development of the 

concentration-duration-frequency models that have been developed during this research. 

As the CDF models currently presented in this thesis are limited both in regards to their 

numbers (ten examples), and the small number of biological impact studies and 

arbitrary SS concentration levels they are based on, their current objective is only to 

show alternative, more biologically meaningful representations of SS conditions in the 

aquatic environments. However, before this novel approach can be fully considered as a 

substitute to the classical representations of SS dynamics through the use of statistical 

means, more biological impact studies need to be conducted to support the selection of 

SS thresholds that could be used in the development of such models. Furthermore, the 

SS thresholds proposed for the developments of CDF models should be based on the 

biological evidence data from more taxonomic groups.  
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As the project took place over two years and involved high-intensity water quality 

monitioring and data collection in ten sites, it generated a remarkable amount of data. 

Large datasets for so many sites are quite rare as many high-frequency monitoring 

programmes tend to focus on specific storm/run-off events or seasons, or on very few 

sites due to the costs and available resources. Consequently, there is a unique 

opportunity for more extensive examination and exploration of the collected SS data 

beyond the scope of the aims set out in this thesis. The possible investigations could for 

instance explore further the impacts of the sampling frequencies on the SS concentration 

estimations as the examples reported in this thesis are based on manual sub-sampling of 

the data sets and therefore limited outcomes. It could be suggested that a Monte Carlo 

approach could be used to generate random sample sets (in accordance to the sampling 

frequency). It is also recommended that a further data analysis should examine the SS 

regimes and dynamics during: (1) specific seasons e.g winter (higher rainfall and soil 

erosion rates resulting in higher transport rates of SS); or (2) time intervals (some time 

periods are more critical to the survival of the aquatic biota than others). This in turn 

could lead to the development of guidelines for SS that recognise its temporal patterns.  
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APPENDICES 

Appendix I  
Table A.1 Standardised canonical discriminant function coefficients derived from MDA on the SS range 
of 5 mg L-1 

 
Function 

Environmental parameters 1 2 3 4 5 
Mean air temperature 0.568 -0.145 -0.148 0.071 -0.188 
Mean altitude of upstream catchment -0.285 0.074 0.073 0.197 -0.061 
Distance from source 0.337 0.507 0.119 0.419 -0.584 
Mean Depth -0.181 0.429 -0.601 -0.266 0.139 
Time upstream catchment soils are wet -0.167 -0.114 -0.405 0.448 0.167 
Average slope from source to site 0.022 0.471 -0.217 -0.082 0.498 
% RHS Solid Geology Superclass 0 (none) 0.215 0.125 0.197 -0.665 0.485 
% RHS Solid Geology Superclass 3 (clay) 0.060 0.123 0.671 0.194 0.280 
% RHS Solid Geology Superclass 4 (shale) 0.237 0.163 0.340 0.234 -0.203 
% RHS Solid Geology Superclass 6 (chalk) 0.089 0.469 0.135 0.674 0.147 
% RHS Solid Geology Superclass 8 (hard rocks) -0.549 0.091 0.256 0.024 -0.526 
 

 

Table A.2 Standardised canonical discriminant function coefficients derived from MDA on the SS range 
of 6 mg L-1 

 
Function 

Environmental parameters 1 2 3 4 
Mean air temperature 0.511 -0.008 -0.478 -0.240 
Mean altitude of upstream catchment -0.281 0.222 -0.006 0.035 
Distance from source 0.296 0.435 0.332 0.140 
Mean Depth -0.169 0.279 0.070 -0.611 
Time upstream catchment soils are wet -0.250 -0.055 0.026 -0.255 
% RHS Drift Geology Superclass 2 (alluvium) 0.244 0.200 -0.220 -0.159 
% RHS Solid Geology Superclass 0 (none) 0.058 0.228 -0.015 0.715 
% RHS Solid Geology Superclass 3 (clay) 0.261 0.076 0.058 0.535 
% RHS Solid Geology Superclass 4 (shale) 0.110 0.255 0.687 0.245 
% RHS Solid Geology Superclass 6 (chalk) 0.016 -0.551 0.617 0.150 
% RHS Solid Geology Superclass 8 (hard rocks) -0.561 0.054 -0.067 0.138 
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Table A.3 Standardised canonical discriminant function coefficients derived from MDA on the SS range 
of 7 mg L-1 

 
Function 

Environmental parameters 1 2 3 
Mean air temperature 0.442 -0.063 -0.192 
Distance from source 0.326 0.640 -0.194 
Mean altitude of upstream catchment -0.298 0.125 0.023 
Time upstream catchment soils are wet -0.243 0.104 -0.268 
Average slope from source to site 0.141 0.338 0.259 
% RHS Drift Geology Superclass 2 (alluvium) 0.216 0.132 0.281 
% RHS Solid Geology Superclass 0 (none) 0.046 0.228 0.521 
% RHS Solid Geology Superclass 3 (clay) 0.254 0.200 -0.096 
% RHS Solid Geology Superclass 4 (shale) 0.098 0.440 0.468 
% RHS Solid Geology Superclass 6 (chalk) -0.079 -0.406 0.803 
% RHS Solid Geology Superclass 8 (hard rocks) -0.494 -0.020 0.160 
 

 

 

Table A.4 Standardised canonical discriminant function coefficients derived from MDA on the SS 3 
groups (tertiles) 

 
Function 

Environmental parameters 1 2 
Mean air temperature 0.565 0.120 
Air temperature range 0.243 -0.067 
Distance from source 0.276 -0.772 
Mean Width 0.110 0.753 
Mean Depth -0.239 -0.235 
Mean altitude of upstream catchment -0.310 0.082 
Time upstream catchment soils are wet -0.125 0.241 
% RHS Drift Geology Superclass 2 (alluvium) 0.242 -0.261 
% RHS Solid Geology Superclass 6 (chalk) -0.118 0.568 
% RHS Solid Geology Superclass 8 (hard rocks) -0.468 -0.194 
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Table A.5 Standardised canonical discriminant function coefficients derived from MDA on the SS 4 
groups (quartiles) 

 
Function 

Environmental parameters 1 2 3 
Mean air temperature 0.612 -0.217 0.351 
Distance from source 0.304 0.586 0.205 
Mean Depth -0.225 0.218 0.164 
Mean altitude of upstream catchment -0.190 -0.277 0.333 
Time upstream catchment soils are wet -0.143 -0.285 0.685 
Average slope from source to site 0.011 0.371 -0.206 
% RHS Drift Geology Superclass 2 (alluvium) 0.177 0.199 -0.029 
% RHS Solid Geology Superclass 3 (clay) 0.191 0.318 -0.312 
% RHS Solid Geology Superclass 6 (chalk) -0.050 -0.444 -0.636 
% RHS Solid Geology Superclass 8 (hard rocks) -0.467 -0.127 -0.288 
Mean annual rainfall (cm) -0.150 0.299 -0.128 
 

 

Table A.6 Standardised canonical discriminant function coefficients derived from MDA on the SS 5 
groups (quintiles) 

 
Function 

Environmental parameters 1 2 3 4 
Mean air temperature 0.619 -0.205 0.339 -0.272 
Altitude -0.153 -0.173 0.742 -0.051 
Distance from source 0.365 0.676 0.879 -0.043 
Mean Width 0.048 -0.414 -0.529 0.352 
Mean Depth -0.243 0.446 -0.135 -0.030 
Time upstream catchment soils are wet -0.138 -0.223 0.528 0.308 
% RHS Solid Geology Superclass 3 (clay) 0.215 0.172 -0.073 0.048 
% RHS Solid Geology Superclass 4 (shale) 0.123 0.293 0.109 0.733 
% RHS Solid Geology Superclass 6 (chalk) 0.017 -0.427 -0.244 0.535 
% RHS Solid Geology Superclass 8 (hard rocks) -0.478 -0.095 0.213 -0.106 
Mean annual rainfall (cm) -0.207 0.343 -0.258 0.040 
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Table A.7 Standardised canonical discriminant function coefficients derived from MDA on the SS 6 
groups (sextiles) 

 
Function 

Environmental parameters 1 2 3 4 5 
Mean air temperature 0.699 0.249 0.206 0.030 -0.166 
Altitude 0.184 0.696 0.499 -0.879 0.185 
Distance from source 0.321 -0.523 0.573 -0.499 0.394 
Mean Width 0.008 0.431 -0.642 0.408 -0.454 
Mean Depth -0.254 -0.259 0.146 0.075 0.482 
Mean altitude of upstream catchment -0.305 -0.451 -0.239 1.038 0.485 
 Time upstream catchment soils are wet -0.107 0.504 0.411 0.270 -0.112 
Strahler Stream order 0.170 0.347 0.629 0.109 -0.401 
% RHS Drift Geology Superclass 2 (alluvium) 0.161 -0.274 -0.007 -0.089 -0.470 
% RHS Drift Geology Superclass 3 (clay) 0.209 0.095 0.179 -0.294 0.014 
% RHS Solid Geology Superclass 3 (clay) 0.194 -0.285 -0.317 -0.029 0.250 
% RHS Solid Geology Superclass 4 (shale) 0.026 -0.189 0.047 0.545 0.383 
% RHS Solid Geology Superclass 6 (chalk) -0.034 0.250 -0.508 0.153 0.138 
% RHS Solid Geology Superclass 8 (hard rocks) -0.441 0.183 0.110 -0.530 0.148 
Mean annual rainfall (cm) -0.170 -0.416 -0.239 -0.036 -0.485 
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Table A.8 Performance of Multiple Discriminant Analysis for four different SS range sizes and quantile 
using logarithmically-transformed environmental variables. Performance is measured as the percentage of 
sites allocated to: (1) the correct SS range/quantile, or (2) the correct of next closest SS range/quantile 

 
 
SS range 
size 
(mg L-1) 

 
 
 
Groups 

 
 
 
Number 
of 
groups 

MDA performance 
measure using log-
transformed 
environmental variables, 
expressed as the 
percentage of sites 
allocated to the: 
Correct SS 
range 

Correct or 
next closest 
SS range 

 
5 

 
(0.00-4.99); (5.00-9.99); 10.00-14.99); 
(15.00-19.99); (20.00-24.99); ≥25 mg L-1 
 

 
6 

 
49 

 
81 

6 (0.00-5.99); (6.00-11.99); (12.00-17.99); 
(18.00-23.99); ≥24 mg L-1 
 

5 57 87 

7 (0.00-6.99); (7.00-13.99); (14.00-20.99); 
≥ 21 mg L-1 
 

4 59 89 

8 (0.00-7.99); (8.00-15.99); (16.00-23.99); 
≥ 24 mg L-1 
 

4 64 92 

 
 
 
 
Quantiles 
 

 
 
 
 
Groups 

 
 
Number 
of 
groups 

MDA performance 
measure using log-
transformed 
environmental variables, 
expressed as the 
percentage of sites 
allocated to the: 
Correct or 
next 
closest SS 
range 

Correct or 
next closest 
SS range 

 
Tertiles 
 

 
(0.20-4.46); (4.70-10.94); (10.98-45.58) 

 
3 

 
66 

 
95 

 
 
Quartiles 
 

 
(0.20-3.50); (3.53-7.73); (7.75-13.33); 
(13.34-45.58) 

 
4 

 
57 

 
89 

 
 
Quintiles 
 

 
(0.20-2.83); (2.88-5.57); (5.67-9.64); 
(9.68-14.92); (15.00-45.58) 

 
5 

 
45 

 
85 

 
Sextiles 
 

 
(0.20-2.41); (2.46-4.64); (4.70-7.75); 
(7.81-10.94); (10.98-16.51); (16.53-45.58) 
 

 
6 

 
41 

 
76 
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Appendix II  
Table A.9 Study sites land coverage (CEH, 2011) 

River 
 
 

Land coverage  
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111 Continuous urban 
fabric 

     
0.2 

 
0.0 

    

112 Discontinuous urban 
fabric 

0.2 2.6 0.0  7.0 4.7     

121 Industrial or 
commercial                                                      
units 

    1.1 0.9     

122 Road and rail 
networks and       
associated land 

     0.0     

123 Port areas           
124 Airports     0.5 0.5     
131 Mineral extraction 
sites 

    0.7 0.6     

132 Dump sites      0.0     
133 Construction sites    0.0      
141 Green urban areas     0.3 0.1     
142 Sport and leisure 
facilities 

0.2 1.0   2.4 1.6     

211 Non-irrigated arable 
land 

 20.3   69.3 65.2  77.1   

222 Fruit trees and berry 
plantations 

 0.1    0.1     

231 Pastures 73.6 37.2 1.1 19.8 10.1 17.6   3.0 100.0 
242 Complex cultivation 
patterns 

0.4 4.8   4.1 3.6  11.5   

243 Agriculture, with 
significant areas of natural 
vegetation 

3.0 14.0 0.0  0.8 1.5     

311 Broad-leaved forest 9.9 17.3  0.1 2.5 2.9  11.4 0.7  
312 Coniferous forest 1.3 1.4 1.9 31.1 0.5 0.2     
313 Mixed forest 0.0 1.1   0.2 0.0     
321 Natural grasslands 9.0  20.4 27.2  0.1 64.7  81.9  
322 Moors and heathland 2.1  32.7 5.3   11.5  7.9  
324 Transitional woodland-shrub 0.1 8.6 0.1 0.0     
332 Bare rocks   0.9   0.0     
333 Sparsely vegetated 
areas 

  42.8        

412 Peat bogs    7.6 0.0 0.1 23.9  6.4  
512 Water bodies 0.4 0.2  0.4 0.3 0.3     
 



[231] 
 

Table A.10 Study sites geographical and environmental characteristics (CEH, 2011) 

River’s  
RIVPACS  
characteristics 
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Site ID 309 1113 3903 4105 6215 6915 9205 3151 8705 SW01 

Grid Reference SS 
948153 

TQ 
850270 

NO 
143915 

NX 
272937 

TL 
160535 

SU 
590932 

NY 
711306 

SE 
566853 

SX 
183786 

SW 
670318 

Mean Air Temperature (°C) 10.52 10.25 8.42 9.08 9.94 10.20 8.95 9.40 10.76 11.33 
Air Temperature Range (°C) 11.41 12.87 12.07 10.66 13.56 13.23 12.44 12.62 10.09 9.45 
Altitude (m) 70 4 320 98 27 45 590 112 242 116 
Slope (m km-1) 1.4 0.5 2.5 2.5 0.4 0.3 100 28.6 7.1 7.7 
Discharge Category 7 4 7 5 7 8 1 1 1 1 
Distance from Source (km) 41 29 27 18 136.1 109.9 1 0.3 3 4.3 
Mean Width (m) 7.3 30 19 10.8 35 50 1.8 0.6 3 2.1 
Mean Depth (cm) 18.2 190.1 20.3 21 100 183.2 14.8 7.7 25.6 18.2 
Boulders & Cobbles (%) 89 0 80 70 2 0 80 30 75 14 
Pebbles & Gravel (%) 11 0 12 30 80 2 18 42 20 58 
Sand (%) 0 0 5 0 18 35 1 7 5 8 
Silt & Clay (%) 1 100 4 0 0 63 1 21 0 20 
Mean Substratum -7.10 8 -6.10 -6.4 -2.39 5.67 -6.68 -1.87 -6.36 -1.21 
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Table A.11 Study sites environmental variables (CEH, 2011) 

River 
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Environmental 
variables 

Upstream catchment 
area  

 

5.907 

 

370.22 

 

434.28 

 

6.535 

 

1662.305 

 

0.743 

 

4.148 

 

270.457 

 

82.433 

 

4164.41 

 
Mean altitude of 
upstream area  

159 681 280 303 95 723 234 71 298 118 

 
Mean drainage path 
length 
 

4.07 18.78 28.86 10.31 7.69 4.43 57.78 23.38 1.33 20.79 

Mean drainage path 
slope 
 

49.6 83.9 143.1 56.4 134.8 113.4 187.1 85 42.9 55.1 

Longest drainage 
path 
 

8.26 38.84 58.99 19.01 16.19 7.3 103.66 43.29 2.68 37.45 

Time upstream 
catchment soils are 
wet 
 

0.52 0.4 0.48 0.62 0.46 0.52 0.62 0.35 0.33 0.32 

Base Flow Index 
 

0.712 0.43 0.497 0.39 0.447 0.251 0.972 0.39 0.357 0.628 
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Table A.12 Study sites geology classes (drift and solid) coverage (%) (CEH, 2011) 

River 
 
 

Geology classes 
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IRN_BGS_%Drift 0 

 
97.7 

 
93.8 

 
53.0 

 
22.9 

 
39.3 

 
83.5 

 
45.2 

 
100.0 

 
87.3 

 
88.9 

 
IRN_BGS_%Drift 1 

 
0.8 

 
0.0 

 
14.8 

 
10.0 

 
0.0 

 
0.0 

 
54.8 

 
0.0 

 
12.1 

 
0.0 

 
IRN_BGS_%Drift 2 

 
1.5 

 
6.2 

 
4.4 

 
1.3 

 
4.7 

 
7.6 

 
0.0 

 
0.0 

 
0.6 

 
11.1 

 
IRN_BGS_%Drift 3 

 
0.0 

 
0.0 

 
27.7 

 
65.8 

 
50.1 

 
1.6 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
IRN_BGS_%Drift 5 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
5.9 

 
7.3 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
IRN_BGS_%Solid 0 

 
0.0 

 
0.3 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
IRN_BGS_%Solid 3 

 
0.0 

 
96.2 

 
0.0 

 
0.0 

 
49.6 

 
47.4 

 
0.0 

 
100.0 

 
0.0 

 
5.3 

 
IRN_BGS_%Solid 4 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
IRN_BGS_%Solid 5 

 
95.4 

 
0.0 

 
0.0 

 
21.6 

 
9.6 

 
10.9 

 
84.0 

 
0.0 

 
0.0 

 
0.0 

 
IRN_BGS_%Solid 6 

 
4.5 

 
3.5 

 
0.0 

 
0.0 

 
40.8 

 
41.7 

 
16.0 

 
0.0 

 
0.0 

 
0.0 

 
IRN_BGS_%Solid 7 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
IRN_BGS_%Solid 8 

 
0.0 

 
0.0 

 
100.0 

 
78.4 

 
0.0 

 
0.0 

 
0.0 

 
0.0 

 
100.0 

 
94.7 
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Table A.13 Study sites WFD categories (CEH, 2011) 

River 

 

 

WFD categories 
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WFD System A 
Catchment Size 

Category M
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m

 

M
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m

 

M
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m

 

M
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e 
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WFD System A 

Altitude Category M
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M
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WFD System A 
Geology 
Category Si
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Table A.14 River Bodilly RIVPACS invertebrate species (CEH, 2011) 

Ancylus fluviatilis O.F. Müller, 1774 Ceratopogonidae 
Rhyacodrilus coccineus (Vejdovsky, 1876) Simulium (Nevermannia) cryophilum group 
Enchytraeidae (including Propappidae) Simulium (Nevermannia) vernum group 
Lumbricidae (incl. Glossoscolecidae) Simulium (Simulium) ornatum group 
Hydracarina Trissopelopia longimana (Staeger, 1839) 
Nigrobaetis niger (Linnaeus, 1761) Brillia bifida (Kieffer, 1909) 
Baetis rhodani (Pictet, 1843-1845) Eukiefferiella group 
Baetis vernus Curtis, 1834 Rheocricotopus sp. 
Amphinemura sulcicollis (Stephens, 1836) Chelifera group 
Leuctra hippopus Kempny, 1899 Polycelis felina (Dalyell, 1814) 
Leuctra inermis Kempny, 1899 Ancylus fluviatilis O.F. Müller, 1774 
Leuctra nigra (Olivier, 1811) Pisidium casertanum (Poli, 1791) 
Isoperla grammatica (Poda, 1761) Rhyacodrilus coccineus (Vejdovsky, 1876) 
Siphonoperla torrentium (Pictet, 1841) Lumbricidae (incl. Glossoscolecidae) 
Calopteryx virgo (Linnaeus, 1758) Hydracarina 
Cordulegaster boltonii (Donovan, 1807) Baetis rhodani (Pictet, 1843-1845) 
Hydraena gracilis Germar, 1824 Baetis vernus Curtis, 1834 
Hydraena riparia Kugelann, 1794 Serratella ignita (Poda, 1761) 
Elmis aenea (Müller, 1806) Protonemura meyeri (Pictet, 1841) 
Limnius volckmari (Panzer, 1793) Amphinemura sulcicollis (Stephens, 1836) 
Hydropsyche siltalai Döhler, 1963 Isoperla grammatica (Poda, 1761) 
Halesus sp. Siphonoperla torrentium (Pictet, 1841) 
Potamophylax group Hydraena gracilis Germar, 1824 
Silo pallipes (Fabricius, 1781) Elmis aenea (Müller, 1806) 
Sericostoma personatum (Spence in Kirby & 
Spence, 1826) Limnius volckmari (Panzer, 1793) 
Adicella reducta (McLachlan, 1865) Rhyacophila dorsalis (Curtis, 1834) 
Dicranota sp. Hydropsyche siltalai Döhler, 1963 
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Table A.14 (cont.) River Bodilly RIVPACS invertebrate species (CEH, 2011) 

Lepidostoma hirtum (Fabricius, 1775) Siphonoperla torrentium (Pictet, 1841) 
Potamophylax group Cordulegaster boltonii (Donovan, 1807) 
Sericostoma personatum (Spence in Kirby & 
Spence, 1826) Velia sp. 
Dicranota sp. Hydroporus tessellatus (Drapiez, 1819) 
Eloeophila sp. Anacaena globulus (Paykull, 1829) 
Pericoma trivialis group Limnebius truncatellus (Thunberg, 1794) 
Ceratopogonidae Elmis aenea (Müller, 1806) 
Simulium (Nevermannia) cryophilum group Limnius volckmari (Panzer, 1793) 
Potthastia longimanus group Rhyacophila dorsalis (Curtis, 1834) 
Brillia bifida (Kieffer, 1909) Polycentropus flavomaculatus (Pictet, 1834) 
Eukiefferiella group Hydropsyche siltalai Döhler, 1963 
Thienemanniella sp. Potamophylax group 
Polypedilum sp. Silo pallipes (Fabricius, 1781) 

Micropsectra group 
Sericostoma personatum (Spence in Kirby & 
Spence, 1826) 

Paratanytarsus group Adicella reducta (McLachlan, 1865) 
Chelifera group Tricyphona (Tricyphona) sp. 
Polycelis felina (Dalyell, 1814) Dicranota sp. 
Potamopyrgus antipodarum (J.E.Gray, 1843) Pericoma trivialis group 
Ancylus fluviatilis O.F. Müller, 1774 Ceratopogonidae 
Pisidium casertanum (Poli, 1791) Simulium (Nevermannia) cryophilum group 
Pisidium personatum Malm, 1855 Simulium (Simulium) ornatum group 
Stylodrilus brachystylus Hrabe, 1928 Macropelopia sp. 
Lumbriculus group Prodiamesa olivacea (Meigen, 1818) 
Helobdella stagnalis (Linnaeus, 1758) Brillia bifida (Kieffer, 1909) 
Nigrobaetis niger (Linnaeus, 1761) Eukiefferiella group 
Baetis rhodani (Pictet, 1843-1845) Heterotrissocladius sp. 
Serratella ignita (Poda, 1761) Thienemanniella sp. 
Protonemura meyeri (Pictet, 1841) Polypedilum sp. 
Leuctra fusca (Linnaeus, 1758) 
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Table A.15 River Dee RIVPACS invertebrate species (CEH, 2011) 

Limnius volckmari (Panzer, 1793) Perla bipunctata Pictet, 1833 
Oulimnius tuberculatus (Müller, 1806) Chloroperla tripunctata (Scopoli, 1763) 
Polycentropus flavomaculatus (Pictet, 1834) Elmis aenea (Müller, 1806) 
Microtendipes sp. Limnius volckmari (Panzer, 1793) 
Micropsectra group Oulimnius tuberculatus (Müller, 1806) 
Clinocerinae Rhyacophila dorsalis (Curtis, 1834) 
Stylodrilus heringianus Claparède, 1862 Glossosoma sp. 
Nais alpina Sperber, 1948 Polycentropus flavomaculatus (Pictet, 1834) 
Nais communis group Hydropsyche siltalai Döhler, 1963 
Vejdovskyella comata (Vejdovsky, 1883) Brachycentrus subnubilus Curtis, 1834 
Enchytraeidae (including Propappidae) Potamophylax group 

Lumbricidae (incl. Glossoscolecidae) 
Sericostoma personatum (Spence in Kirby & 
Spence, 1826) 

Baetis rhodani (Pictet, 1843-1845) Dicranota sp. 
Rhithrogena sp. Hexatoma sp. 
Ecdyonurus sp. Simulium (Simulium) argyreatum group 
Leptophlebia vespertina (Linnaeus, 1758) Thienemannimyia group 
Brachyptera risi (Morton, 1896) Potthastia longimanus group 
Protonemura praecox (Morton, 1894) Eukiefferiella group 
Amphinemura sulcicollis (Stephens, 1836) Cricotopus group 
Leuctra hippopus Kempny, 1899 Micropsectra group 
Isoperla grammatica (Poda, 1761) Atherix ibis (Fabricius, 1798) 
Stylodrilus heringianus Claparède, 1862 Polycentropus flavomaculatus (Pictet, 1834) 
Enchytraeidae (including Propappidae) Hydropsyche siltalai Döhler, 1963 
Lumbricidae (incl. Glossoscolecidae) Dicranota sp. 
Alainites muticus (Linnaeus, 1758) Ceratopogonidae 
Baetis rhodani (Pictet, 1843-1845) Eukiefferiella group 
Rhithrogena sp. Cricotopus group 
Electrogena lateralis (Curtis, 1834) Micropsectra group 
Brachyptera risi (Morton, 1896) Atherix ibis (Fabricius, 1798) 
Amphinemura sulcicollis (Stephens, 1836) Stylodrilus heringianus Claparède, 1862 
Leuctra inermis Kempny, 1899 Nais communis group 
Isoperla grammatica (Poda, 1761) Spirosperma ferox Eisen, 1879 
Dinocras cephalotes (Curtis, 1827) Enchytraeidae (including Propappidae) 
Perla bipunctata Pictet, 1833 Lumbricidae (incl. Glossoscolecidae) 
Siphonoperla torrentium (Pictet, 1841) Baetis rhodani (Pictet, 1843-1845) 
Chloroperla tripunctata (Scopoli, 1763) Rhithrogena sp. 
Esolus parallelepipedus (Müller, 1806) Ecdyonurus sp. 
Limnius volckmari (Panzer, 1793) Leuctra fusca (Linnaeus, 1758) 
Rhyacophila dorsalis (Curtis, 1834) Perla bipunctata Pictet, 1833 
Glossosoma sp. Elmis aenea (Müller, 1806) 
Agapetus sp. Esolus parallelepipedus (Müller, 1806) 
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Table A.16 River Exe RIVPACS invertebrate species (CEH, 2011) 

Potamopyrgus antipodarum (J.E.Gray, 1843) Hydropsyche siltalai Döhler, 1963 
Bithynia (Bithynia) tentaculata (Linnaeus, 
1758) 

Sericostoma personatum (Spence in Kirby & 
Spence, 1826) 

Ancylus fluviatilis O.F. Müller, 1774 Athripsodes albifrons (Linnaeus, 1758) 
Stylodrilus heringianus Claparède, 1862 Ceratopogonidae 

Lumbriculus group 
Simulium (Simulium) reptans (Linnaeus, 
1758) 

Rhyacodrilus coccineus (Vejdovsky, 1876) Simulium (Simulium) ornatum group 
Enchytraeidae (including Propappidae) Brillia bifida (Kieffer, 1909) 
Erpobdella octoculata (Linnaeus, 1758) Cardiocladius sp. 
Hydracarina Eukiefferiella group 
Alainites muticus (Linnaeus, 1758) Cricotopus group 

Baetis rhodani (Pictet, 1843-1845) 

Demicryptochironomus 
(Demicryptochironomus) vulneratus 
(Zetterstedt, [1838]) 

Baetis scambus group Polypedilum sp. 
Rhithrogena sp. Atherix ibis (Fabricius, 1798) 
Ecdyonurus sp. Tabanus group 
Paraleptophlebia submarginata (Stephens, 
1835) Hemerodromia group 
Serratella ignita (Poda, 1761) Clinocerinae 
Amphinemura sulcicollis (Stephens, 1836) Potamopyrgus antipodarum (J.E.Gray, 1843) 
Leuctra fusca (Linnaeus, 1758) Bathyomphalus contortus (Linnaeus, 1758) 
Leuctra geniculata (Stephens, 1836) Ancylus fluviatilis O.F. Müller, 1774 
Isoperla grammatica (Poda, 1761) Stylodrilus heringianus Claparède, 1862 
Perla bipunctata Pictet, 1833 Rhyacodrilus coccineus (Vejdovsky, 1876) 
Siphonoperla torrentium (Pictet, 1841) Enchytraeidae (including Propappidae) 
Orectochilus villosus (O.F. Müller, 1776) Helobdella stagnalis (Linnaeus, 1758) 
Hydraena gracilis Germar, 1824 Erpobdella octoculata (Linnaeus, 1758) 
Elmis aenea (Müller, 1806) Hydracarina 
Esolus parallelepipedus (Müller, 1806) Alainites muticus (Linnaeus, 1758) 
Limnius volckmari (Panzer, 1793) Baetis rhodani (Pictet, 1843-1845) 
Rhyacophila dorsalis (Curtis, 1834) Baetis scambus group 
Rhyacophila munda McLachlan, 1862 Ecdyonurus sp. 
Ancylus fluviatilis O.F. Müller, 1774 Cricotopus group 
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Table A.16 (cont.) River Exe RIVPACS invertebrate species (CEH, 2011) 

Stylodrilus heringianus Claparède, 1862 Synorthocladius semivirens (Kieffer, 1909) 
Nais alpina Sperber, 1948 Thienemanniella sp. 
Nais elinguis Müller, 1773 Microtendipes sp. 
Nais pardalis Piguet, 1906 Micropsectra group 
Enchytraeidae (including Propappidae) Atherix ibis (Fabricius, 1798) 
Hydracarina Hemerodromia group 
Gammarus pulex (Linnaeus, 1758) Clinocerinae 
Baetis rhodani (Pictet, 1843-1845) Serratella ignita (Poda, 1761) 
Baetis scambus group Protonemura meyeri (Pictet, 1841) 
Rhithrogena sp. Isoperla grammatica (Poda, 1761) 
Heptagenia sulphurea (Müller, 1776) Perla bipunctata Pictet, 1833 
Ecdyonurus sp. Orectochilus villosus (O.F. Müller, 1776) 
Limnius volckmari (Panzer, 1793) Hydraena gracilis Germar, 1824 
Rhyacophila dorsalis (Curtis, 1834) Elmis aenea (Müller, 1806) 
Glossosoma sp. Esolus parallelepipedus (Müller, 1806) 
Agapetus sp. Limnius volckmari (Panzer, 1793) 
Hydropsyche pellucidula (Curtis, 1834) Oulimnius tuberculatus (Müller, 1806) 
Hydropsyche siltalai Döhler, 1963 Rhyacophila dorsalis (Curtis, 1834) 
Brachycentrus subnubilus Curtis, 1834 Glossosoma sp. 
Simulium (Eusimulium) aureum group Agapetus sp. 
Simulium (Wilhelmia) sp. Hydroptila sp. 
Simulium (Simulium) reptans (Linnaeus, 
1758) Polycentropus flavomaculatus (Pictet, 1834) 
Simulium (Simulium) ornatum group Cheumatopsyche lepida (Pictet, 1834) 
Potthastia longimanus group Hydropsyche pellucidula (Curtis, 1834) 
Brillia flavifrons (Johannsen, 1905) Hydropsyche siltalai Döhler, 1963 
Cardiocladius sp. Dicranota sp. 
Eukiefferiella group Simulium (Eusimulium) aureum group 

Cricotopus group 
Simulium (Simulium) reptans (Linnaeus, 
1758) 

Synorthocladius semivirens (Kieffer, 1909) Diamesa sp. 
Polypedilum sp. Eukiefferiella group 
Micropsectra group Serratella ignita (Poda, 1761) 
Atherix ibis (Fabricius, 1798) Leuctra fusca (Linnaeus, 1758) 
Polycelis felina (Dalyell, 1814) Leuctra geniculata (Stephens, 1836) 
Potamopyrgus antipodarum (J.E.Gray, 1843) Perla bipunctata Pictet, 1833 
Bathyomphalus contortus (Linnaeus, 1758) Hydraena gracilis Germar, 1824 
Glossosoma sp. Elmis aenea (Müller, 1806) 
Agapetus sp. Esolus parallelepipedus (Müller, 1806) 
Hydroptila sp.  
Wormaldia sp.  
Psychomyia pusilla (Fabricius, 1781)  
Hydropsyche pellucidula (Curtis, 1834)  

 
 

  



[240] 
 

Table A.17 River Fowey RIVPACS invertebrate species (CEH, 2011) 

Polycelis felina (Dalyell, 1814) Lepidostoma hirtum (Fabricius, 1775) 
Phagocata vitta (Duges, 1830) Drusus annulatus (Stephens, 1837) 
Stylodrilus brachystylus Hrabe, 1928 Anabolia nervosa (Curtis, 1834) 
Nais alpina Sperber, 1948 Silo pallipes (Fabricius, 1781) 
Enchytraeidae (including Propappidae) Dicranota sp. 
Nigrobaetis niger (Linnaeus, 1761) Simulium (Nevermannia) cryophilum group 
Baetis vernus Curtis, 1834 Simulium (Simulium) argyreatum group 
Paraleptophlebia cincta (Retzius, 1835) Trissopelopia longimana (Staeger, 1839) 
Protonemura meyeri (Pictet, 1841) Potthastia longimanus group 
Amphinemura sulcicollis (Stephens, 1836) Eukiefferiella group 
Leuctra hippopus Kempny, 1899 Cricotopus group 
Leuctra inermis Kempny, 1899 Chaetocladius sp. 
Isoperla grammatica (Poda, 1761) Thienemanniella sp. 
Siphonoperla torrentium (Pictet, 1841) Stempellinella group 
Pyrrhosoma nymphula (Sulzer, 1776) Clinocerinae 
Calopteryx virgo (Linnaeus, 1758) Pisidium casertanum (Poli, 1791) 
Cordulegaster boltonii (Donovan, 1807) Nais alpina Sperber, 1948 
Orectochilus villosus (O.F. Müller, 1776) Prisina (Pristina) aequiseta Bourne, 1891 
Hydraena gracilis Germar, 1824 Enchytraeidae (including Propappidae) 
Elodes sp. Hydracarina 
Elmis aenea (Müller, 1806) Baetis vernus Curtis, 1834 
Limnius volckmari (Panzer, 1793) Serratella ignita (Poda, 1761) 
Oulimnius tuberculatus (Müller, 1806) Protonemura meyeri (Pictet, 1841) 
Rhyacophila dorsalis (Curtis, 1834) Leuctra fusca (Linnaeus, 1758) 
Polycentropus flavomaculatus (Pictet, 1834) Isoperla grammatica (Poda, 1761) 
Hydropsyche siltalai Döhler, 1963 Siphonoperla torrentium (Pictet, 1841) 
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Table A.17 (cont.) River Fowey RIVPACS invertebrate species (CEH, 2011) 

Cordulegaster boltonii (Donovan, 1807) Enchytraeidae (including Propappidae) 
Elmis aenea (Müller, 1806) Hydracarina 
Limnius volckmari (Panzer, 1793) Baetis rhodani (Pictet, 1843-1845) 
Oulimnius tuberculatus (Müller, 1806) Baetis vernus Curtis, 1834 
Rhyacophila dorsalis (Curtis, 1834) Protonemura meyeri (Pictet, 1841) 
Polycentropus flavomaculatus (Pictet, 1834) Amphinemura sulcicollis (Stephens, 1836) 
Hydropsyche siltalai Döhler, 1963 Leuctra fusca (Linnaeus, 1758) 
Brachycentrus subnubilus Curtis, 1834 Isoperla grammatica (Poda, 1761) 
Drusus annulatus (Stephens, 1837) Elmis aenea (Müller, 1806) 
Anabolia nervosa (Curtis, 1834) Limnius volckmari (Panzer, 1793) 
Potamophylax group Oulimnius tuberculatus (Müller, 1806) 
Sericostoma personatum (Spence in Kirby & 
Spence, 1826) Rhyacophila dorsalis (Curtis, 1834) 
Pedicia (Pedicia) group Rhyacophila munda McLachlan, 1862 
Dicranota sp. Oxyethira sp. 
Simulium (Nevermannia) vernum group Hydropsyche pellucidula (Curtis, 1834) 
Simulium (Simulium) ornatum group Hydropsyche siltalai Döhler, 1963 
Thienemannimyia group Silo pallipes (Fabricius, 1781) 
Zavrelimyia group Dicranota sp. 
Potthastia longimanus group Simulium (Nevermannia) cryophilum group 
Eukiefferiella group Simulium (Simulium) ornatum group 
Thienemanniella sp. Thienemannimyia group 
Paratanytarsus group Potthastia longimanus group 
Stempellinella group Eukiefferiella group 
Polycelis felina (Dalyell, 1814) Thienemanniella sp. 
Stylodrilus brachystylus Hrabe, 1928 Paratanytarsus group 
Nais alpina Sperber, 1948 Clinocerinae 
Prisina (Pristina) aequiseta Bourne, 1891 
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Table A.18 River Great Ouse RIVPACS invertebrate species (CEH, 2011) 

Theodoxus fluviatilis (Linnaeus, 1758) Polycentropus flavomaculatus (Pictet, 1834) 
Viviparus viviparus (Linnaeus, 1758) Hydropsyche angustipennis (Curtis, 1834) 
Bithynia (Bithynia) tentaculata (Linnaeus, 
1758) Hydropsyche contubernalis McLachlan, 1865 
Radix balthica (Linnaeus, 1758) Hydropsyche pellucidula (Curtis, 1834) 
Gyraulus (Gyraulus) albus (O.F. Müller, 1774) Athripsodes aterrimus (Stephens, 1836) 
Ancylus fluviatilis O.F. Müller, 1774 Ceratopogonidae 
Acroloxus lacustris (Linnaeus, 1758) Ablabesmyia sp. 
Unio sp. Thienemannimyia group 
Anodonta group Cricotopus group 
Sphaerium corneum (Linnaeus, 1758) Nanocladius sp. 
Pisidium casertanum (Poli, 1791) Rheocricotopus sp. 
Nais elinguis Müller, 1773 Dicrotendipes sp. 
Nais pardalis Piguet, 1906 Glyptotendipes sp. 
Nais communis group Microtendipes sp. 
Nais simplex group Parachironomus sp. 
Stylaria lacustris (Linnaeus, 1767) Micropsectra group 
Psammoryctides barbatus (Grube, 1891) Theodoxus fluviatilis (Linnaeus, 1758) 
Lumbricidae (incl. Glossoscolecidae) Viviparus viviparus (Linnaeus, 1758) 
Theromyzon tessulatum (O.F.Müller, 1774) Potamopyrgus antipodarum (J.E.Gray, 1843) 

Glossiphonia complanata (Linnaeus, 1758) 
Bithynia (Bithynia) tentaculata (Linnaeus, 
1758) 

Helobdella stagnalis (Linnaeus, 1758) Radix auricularia (Linnaeus, 1758) 
Erpobdella octoculata (Linnaeus, 1758) Radix balthica (Linnaeus, 1758) 
Asellus aquaticus (Linnaeus, 1758) Ancylus fluviatilis O.F. Müller, 1774 
Crangonyx pseudogracilis Bousfield, 1958 Acroloxus lacustris (Linnaeus, 1758) 
Centroptilum luteolum (Müller, 1776) Unio sp. 
Caenis luctuosa group Anodonta group 
Ischnura elegans (Vander Linden, 1820) Sphaerium corneum (Linnaeus, 1758) 
Calopteryx splendens (Harris, 1782) Pisidium nitidum Jenyns, 1832 
Aphelocheirus aestivalis (Fabricius, 1794) Piscicola geometra (Linnaeus, 1761) 
Sigara (Sigara) sp. Glossiphonia complanata (Linnaeus, 1758) 
Sigara (Subsigara) fossarum (Leach, 1817) Helobdella stagnalis (Linnaeus, 1758) 
Nebrioporus depressus (Fabricius, 1775) Erpobdella octoculata (Linnaeus, 1758) 
Psychomyia pusilla (Fabricius, 1781) Asellus aquaticus (Linnaeus, 1758) 
Tinodes waeneri (Linnaeus, 1758) Crangonyx pseudogracilis Bousfield, 1958 
Cyrnus trimaculatus (Curtis, 1834) Gammarus pulex (Linnaeus, 1758) 
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Table A.18 (cont.) River Great Ouse RIVPACS invertebrate species (CEH, 2011) 

Procloeon bifidum (Bengtsson, 1912) Ancylus fluviatilis O.F. Müller, 1774 
Serratella ignita (Poda, 1761) Unio sp. 
Caenis luctuosa group Sphaerium corneum (Linnaeus, 1758) 
Ischnura elegans (Vander Linden, 1820) Pisidium henslowanum (Sheppard, 1823) 
Sigara (Sigara) sp. Pisidium moitessierianum Paladilhe, 1866 
Laccophilus hyalinus (DeGeer, 1774) Pisidium nitidum Jenyns, 1832 
Nebrioporus depressus (Fabricius, 1775) Pisidium subtruncatum Malm, 1855 
Stictotarsus duodecimpustulatus (Fabricius, 
1792) Pisidium supinum Schmidt, 1851 
Oulimnius tuberculatus (Müller, 1806) Stylaria lacustris (Linnaeus, 1767) 
Tinodes waeneri (Linnaeus, 1758) Piscicola geometra (Linnaeus, 1761) 
Cyrnus flavidus McLachlan, 1864 Hemiclepsis marginata (O.F.Müller, 1774) 
Cyrnus trimaculatus (Curtis, 1834) Glossiphonia complanata (Linnaeus, 1758) 
Polycentropus flavomaculatus (Pictet, 1834) Helobdella stagnalis (Linnaeus, 1758) 
Hydropsyche angustipennis (Curtis, 1834) Erpobdella octoculata (Linnaeus, 1758) 
Hydropsyche contubernalis McLachlan, 1865 Asellus aquaticus (Linnaeus, 1758) 
Ceraclea dissimilis (Stephens, 1836) Crangonyx pseudogracilis Bousfield, 1958 
Thienemannimyia group Caenis luctuosa group 
Cricotopus group Ischnura elegans (Vander Linden, 1820) 
Dicrotendipes sp. Enallagma cyathigerum (Charpentier, 1840) 
Glyptotendipes sp. Calopteryx splendens (Harris, 1782) 
Xenochironomus xenolabis (Kieffer, 1916) Aphelocheirus aestivalis (Fabricius, 1794) 
Paratanytarsus group Sigara (Sigara) sp. 
Spongillidae Nebrioporus depressus (Fabricius, 1775) 
Dugesia tigrina (Girard, 1850) Cyrnus trimaculatus (Curtis, 1834) 
Theodoxus fluviatilis (Linnaeus, 1758) Neureclipsis bimaculata (Linnaeus, 1758) 
Viviparus viviparus (Linnaeus, 1758) Ceratopogonidae 
Potamopyrgus antipodarum (J.E.Gray, 1843) Thienemannimyia group 
Bithynia (Codiella) leachii (Sheppard, 1823) Cricotopus group 
Bithynia (Bithynia) tentaculata (Linnaeus, 
1758) Nanocladius sp. 
Radix auricularia (Linnaeus, 1758) Psectrocladius sp. 
Planorbis (Planorbis) carinatus (O.F. Müller, 
1774) Dicrotendipes sp. 
Anisus (Disculifer) vortex (Linnaeus, 1758) Glyptotendipes sp. 
Gyraulus (Gyraulus) albus (O.F. Müller, 1774) Xenochironomus xenolabis (Kieffer, 1916) 
Planorbarius corneus (Linnaeus, 1758) Paratanytarsus group 
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Table A.19 River Milburn Beck RIVPACS invertebrate species (CEH, 2011) 

Crenobia alpina (Dana, 1766) 
Helophorus (Meghelophorus) aequalis 
Thomson, 1868 

Stylodrilus heringianus Claparède, 1862 
Helophorus (Rhopalohelophorus) brevipalpis 
Bedel, 1881 

Enchytraeidae (including Propappidae) Elmis aenea (Müller, 1806) 
Lumbricidae (incl. Glossoscolecidae) Limnius volckmari (Panzer, 1793) 
Gammarus pulex (Linnaeus, 1758) Rhyacophila dorsalis (Curtis, 1834) 
Ameletus inopinatus Eaton, 1887 Plectrocnemia conspersa (Curtis, 1834) 
Alainites muticus (Linnaeus, 1758) Drusus annulatus (Stephens, 1837) 
Baetis rhodani (Pictet, 1843-1845) Potamophylax group 
Rhithrogena sp. Dicranota sp. 
Brachyptera risi (Morton, 1896) Bazarella neglecta (Eaton, 1893) 
Protonemura meyeri (Pictet, 1841) Dixa puberula Loew, 1849 
Protonemura montana Kimmins, 1941 Simulium (Nevermannia) cryophilum group 
Protonemura praecox (Morton, 1894) Simulium (Simulium) argyreatum group 
Nemoura cambrica group Pseudodiamesa sp. 
Leuctra inermis Kempny, 1899 Eukiefferiella group 
Diura bicaudata (Linnaeus, 1758) Cricotopus group 
Isoperla grammatica (Poda, 1761) Metriocnemus sp. 
Elmis aenea (Müller, 1806) Thienemanniella sp. 
Rhyacophila dorsalis (Curtis, 1834) Micropsectra group 
Drusus annulatus (Stephens, 1837) Clinocerinae 
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Table A.19 (cont.) River Milburn Beck RIVPACS invertebrate species (CEH, 2011) 

Melampophylax mucoreus (Hagen, 1861) Crenobia alpina (Dana, 1766) 
Potamophylax group Enchytraeidae (including Propappidae) 
Dicranota sp. Lumbricidae (incl. Glossoscolecidae) 
Bazarella neglecta (Eaton, 1893) Gammarus pulex (Linnaeus, 1758) 
Simulium (Nevermannia) cryophilum group Alainites muticus (Linnaeus, 1758) 
Simulium (Simulium) argyreatum group Baetis rhodani (Pictet, 1843-1845) 
Eukiefferiella group Rhithrogena sp. 
Cricotopus group Ecdyonurus sp. 
Chaetocladius sp. Protonemura meyeri (Pictet, 1841) 
Micropsectra group Protonemura montana Kimmins, 1941 
Clinocerinae Protonemura praecox (Morton, 1894) 
Crenobia alpina (Dana, 1766) Leuctra inermis Kempny, 1899 
Enchytraeidae (including Propappidae) Diura bicaudata (Linnaeus, 1758) 
Lumbricidae (incl. Glossoscolecidae) Elodes sp. 
Gammarus pulex (Linnaeus, 1758) Elmis aenea (Müller, 1806) 
Alainites muticus (Linnaeus, 1758) Limnius volckmari (Panzer, 1793) 
Baetis rhodani (Pictet, 1843-1845) Oulimnius tuberculatus (Müller, 1806) 
Baetis vernus Curtis, 1834 Rhyacophila dorsalis (Curtis, 1834) 
Rhithrogena sp. Rhyacophila obliterata McLachlan, 1863 
Ecdyonurus sp. Philopotamus montanus (Donovan, 1813) 
Serratella ignita (Poda, 1761) Drusus annulatus (Stephens, 1837) 
Protonemura montana Kimmins, 1941 Beraea maurus (Curtis, 1834) 
Leuctra fusca (Linnaeus, 1758) Dicranota sp. 
Leuctra inermis Kempny, 1899 Simulium (Nevermannia) cryophilum group 
Isoperla grammatica (Poda, 1761) Simulium (Simulium) argyreatum group 
Oreodytes sanmarkii (C.R. Sahlberg, 1826) Clinocerinae 
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Table A.20 River Mire Falls Gill RIVPACS invertebrate species (CEH, 2011) 

Hydracarina Macropelopia sp. 
Gammarus pulex (Linnaeus, 1758) Prodiamesa olivacea (Meigen, 1818) 
Baetis rhodani (Pictet, 1843-1845) Micropsectra group 
Nemoura cambrica group Pisidium casertanum (Poli, 1791) 
Leuctra nigra (Olivier, 1811) Pisidium personatum Malm, 1855 
Dinocras cephalotes (Curtis, 1827) Lumbricidae (incl. Glossoscolecidae) 
Oreodytes sanmarkii (C.R. Sahlberg, 
1826) Gammarus pulex (Linnaeus, 1758) 
Elmis aenea (Müller, 1806) Centroptilum luteolum (Müller, 1776) 
Riolus subviolaceus (Müller, 1817) Ecdyonurus sp. 
Agapetus sp. Ephemera danica Müller, 1764 
Plectrocnemia conspersa (Curtis, 1834) Nemoura avicularis Morton, 1894 
Potamophylax group Nemoura cambrica group 
Pericoma (Pericoma) calcilega Feuerborn, 
1923 Leuctra hippopus Kempny, 1899 
Thienemannimyia group Leuctra nigra (Olivier, 1811) 

Trissopelopia longimana (Staeger, 1839) 
Oreodytes sanmarkii (C.R. Sahlberg, 
1826) 

Brillia bifida (Kieffer, 1909) Platambus maculatus (Linnaeus, 1758) 
Parametriocnemus stylatus (Spärck, 1923) Elodes sp. 
Gammarus pulex (Linnaeus, 1758) Elmis aenea (Müller, 1806) 
Baetis rhodani (Pictet, 1843-1845) Sialis fuliginosa Pictet, 1836 
Nemoura cambrica group Tinodes dives (Pictet, 1834) 
Dinocras cephalotes (Curtis, 1827) Potamophylax group 
Helophorus (Rhopalohelophorus) 
brevipalpis Bedel, 1881 Ptychoptera sp. 
Elmis aenea (Müller, 1806) Dixa maculata complex 
Limnius volckmari (Panzer, 1793) Macropelopia sp. 
Potamophylax group Trissopelopia longimana (Staeger, 1839) 
Dicranota sp. Prodiamesa olivacea (Meigen, 1818) 
Ptychoptera sp. Polypedilum sp. 
Dixa maculata complex Micropsectra group 
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Table A.21 River Rother RIVPACS invertebrate species (CEH, 2011) 

Limnodrilus hoffmeisteri Claparède, 1862 Radix balthica (Linnaeus, 1758) 

Rhyacodrilus coccineus (Vejdovsky, 1876) 
Planorbis (Planorbis) carinatus (O.F. Müller, 
1774) 

Enchytraeidae (including Propappidae) Bathyomphalus contortus (Linnaeus, 1758) 
Lumbricidae (incl. Glossoscolecidae) Gyraulus (Gyraulus) albus (O.F. Müller, 1774) 
Piscicola geometra (Linnaeus, 1761) Musculium lacustre (Müller, 1774) 
Hydracarina Ophidonais serpentina (Müller, 1774) 
Centroptilum luteolum (Müller, 1776) Nais pardalis Piguet, 1906 
Cloeon dipterum (Linnaeus, 1761) Nais communis group 
Procloeon bifidum (Bengtsson, 1912) Nais simplex group 
Habrophlebia fusca (Curtis, 1834) Dero (Dero) digitata (Müller, 1774) 
Caenis horaria (Linnaeus, 1758) Aulodrilus pluriseta (Piguet, 1906) 
Coenagrion puella group Piscicola geometra (Linnaeus, 1761) 
Sigara (Sigara) sp. Theromyzon tessulatum (O.F.Müller, 1774) 
Sigara (Subsigara) falleni (Fieber, 1848) Hydracarina 
Haliplus fluviatilis Aubé, 1836 Crangonyx pseudogracilis Bousfield, 1958 
Laccophilus hyalinus (DeGeer, 1774) Cloeon dipterum (Linnaeus, 1761) 
Graptodytes pictus (Fabricius, 1787) Caenis horaria (Linnaeus, 1758) 
Helophorus (Rhopalohelophorus) brevipalpis 
Bedel, 1881 Coenagrion puella group 
Helophorus (Helophorus) minutus Fabricius, 
1775 Brachytron pratense (Müller, 1764) 
Helophorus (Helophorus) obscurus Mulsant, 
1844 Nepa cinerea Linnaeus, 1758 
Hydrobius fuscipes (Linnaeus, 1758) Notonecta glauca Linnaeus, 1758 
Laccobius (Laccobius) minutus (Linnaeus, 
1758) Sigara (Sigara) sp. 
Molophilus sp. Sigara (Subsigara) falleni (Fieber, 1848) 
Ceratopogonidae Haliplus fluviatilis Aubé, 1836 
Acricotopus lucens (Zetterstedt, 1850) Laccophilus hyalinus (DeGeer, 1774) 
Cricotopus group Hydroporus palustris (Linnaeus, 1761) 
Rheocricotopus sp. Graptodytes pictus (Fabricius, 1787) 

Metriocnemus sp. 
Stictotarsus duodecimpustulatus (Fabricius, 
1792) 

Glyptotendipes sp. Gyrinus aeratus Stephens, 1835 
Endochironomus group Orectochilus villosus (O.F. Müller, 1776) 
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Table A.21 (cont.) River Rother RIVPACS invertebrate species (CEH, 2011) 

Laccobius (Laccobius) colon (Stephens, 1829) Piscicola geometra (Linnaeus, 1761) 
Laccobius (Macrolaccobius) striatulus 
(Fabricius, 1801) Helobdella stagnalis (Linnaeus, 1758) 
Hydraena riparia Kugelann, 1794 Hydracarina 
Oecetis lacustris (Pictet, 1834) Asellus aquaticus (Linnaeus, 1758) 
Ceratopogonidae Proasellus meridianus (Racovitza, 1919) 
Procladius sp. Crangonyx pseudogracilis Bousfield, 1958 
Cricotopus group Cloeon dipterum (Linnaeus, 1761) 
Psectrocladius sp. Caenis horaria (Linnaeus, 1758) 
Dicrotendipes sp. Ischnura elegans (Vander Linden, 1820) 
Glyptotendipes sp. Coenagrion puella group 
Endochironomus group Orthetrum sp. 
Parachironomus sp. Notonecta glauca Linnaeus, 1758 
Polypedilum sp. Hesperocorixa sahlbergi (Fieber, 1848) 
Cladotanytarsus sp. Sigara (Subsigara) falleni (Fieber, 1848) 
Micropsectra group Haliplus fluviatilis Aubé, 1836 
Paratanytarsus group Haliplus lineatocollis (Marsham, 1802) 
Odontomyia sp. Laccophilus hyalinus (DeGeer, 1774) 
Chrysops sp. Hyphydrus ovatus (Linnaeus, 1761) 
Hemerodromia group Hydroporus palustris (Linnaeus, 1761) 
Ephydridae Graptodytes pictus (Fabricius, 1787) 
Limnophora sp. Porhydrus lineatus (Fabricius, 1775) 

Dugesia tigrina (Girard, 1850) 
Laccobius (Laccobius) minutus (Linnaeus, 
1758) 

Valvata (Cincinna) piscinalis (O.F. Müller, 
1774) Oulimnius tuberculatus (Müller, 1806) 
Potamopyrgus antipodarum (J.E.Gray, 1843) Sialis lutaria (Linnaeus, 1758) 
Bithynia (Bithynia) tentaculata (Linnaeus, 
1758) Mystacides longicornis (Linnaeus, 1758) 
Physa fontinalis (Linnaeus, 1758) Parapoynx sp. 
Radix balthica (Linnaeus, 1758) Ceratopogonidae 
Planorbis (Planorbis) carinatus (O.F. Müller, 
1774) Procladius sp. 
Gyraulus (Gyraulus) albus (O.F. Müller, 1774) Cricotopus group 
Musculium lacustre (Müller, 1774) Chironomus sp. 
Lumbriculus group Cryptochironomus sp. 
Dero (Dero) digitata (Müller, 1774) Glyptotendipes sp. 
Tubifex tubifex (Müller, 1774) Microtendipes sp. 
Limnodrilus claparedianus Ratzel, 1869 Endochironomus group 
Limnodrilus hoffmeisteri Claparède, 1862 Polypedilum sp. 
Potamothrix hammoniensis (Michaelsen, 
1901) Cladotanytarsus sp. 
Aulodrilus pluriseta (Piguet, 1906) Chrysops sp. 
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Table A.22 River Stinchar RIVPACS invertebrate species (CEH, 2011) 

Crenobia alpina (Dana, 1766) Hexatoma sp. 
Baetis rhodani (Pictet, 1843-1845) Ceratopogonidae 
Rhithrogena sp. Simulium (Simulium) argyreatum group 
Ecdyonurus sp. Thienemannimyia group 
Caenis rivulorum Eaton, 1884 Eukiefferiella group 
Brachyptera risi (Morton, 1896) Potamopyrgus antipodarum (J.E.Gray, 1843) 
Amphinemura sulcicollis (Stephens, 1836) Ancylus fluviatilis O.F. Müller, 1774 
Leuctra inermis Kempny, 1899 Nais alpina Sperber, 1948 
Isoperla grammatica (Poda, 1761) Nais bretscheri Michaelsen, 1899 
Siphonoperla torrentium (Pictet, 1841) Baetis rhodani (Pictet, 1843-1845) 
Orectochilus villosus (O.F. Müller, 1776) Baetis scambus group 
Rhyacophila dorsalis (Curtis, 1834) Rhithrogena sp. 
Simulium (Simulium) argyreatum group Ecdyonurus sp. 
Cricotopus group Serratella ignita (Poda, 1761) 
Potamopyrgus antipodarum (J.E.Gray, 1843) Amphinemura sulcicollis (Stephens, 1836) 
Rhyacodrilus coccineus (Vejdovsky, 1876) Orectochilus villosus (O.F. Müller, 1776) 
Enchytraeidae (including Propappidae) Elmis aenea (Müller, 1806) 
Hydracarina Esolus parallelepipedus (Müller, 1806) 
Baetis rhodani (Pictet, 1843-1845) Limnius volckmari (Panzer, 1793) 
Rhithrogena sp. Glossosoma sp. 
Ecdyonurus sp. Hydroptila sp. 
Serratella ignita (Poda, 1761) Hydropsyche pellucidula (Curtis, 1834) 
Leuctra fusca (Linnaeus, 1758) Hydropsyche siltalai Döhler, 1963 
Elmis aenea (Müller, 1806) Lepidostoma hirtum (Fabricius, 1775) 
Esolus parallelepipedus (Müller, 1806) Tipula (Yamatotipula) montium group 
Limnius volckmari (Panzer, 1793) Simulium (Simulium) argyreatum group 
Rhyacophila dorsalis (Curtis, 1834) Eukiefferiella group 
Glossosoma sp. Cricotopus group 
Wormaldia sp. Synorthocladius semivirens (Kieffer, 1909) 
Eloeophila sp. Atherix ibis (Fabricius, 1798) 
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Table A.23 River Thames RIVPACS invertebrate species (CEH, 2011) 

Hydridae Asellus aquaticus (Linnaeus, 1758) 
Theodoxus fluviatilis (Linnaeus, 1758) Corophium sp. 
Viviparus viviparus (Linnaeus, 1758) Crangonyx pseudogracilis Bousfield, 1958 
Valvata (Cincinna) piscinalis (O.F. Müller, 
1774) Centroptilum luteolum (Müller, 1776) 
Potamopyrgus antipodarum (J.E.Gray, 1843) Kageronia fuscogrisea (Retzius, 1783) 
Bithynia (Bithynia) tentaculata (Linnaeus, 
1758) Ephemera vulgata Linnaeus, 1758 
Stagnicola palustris (O.F. Müller, 1774) Caenis horaria (Linnaeus, 1758) 
Anisus (Disculifer) vortex (Linnaeus, 1758) Caenis luctuosa group 
Gyraulus (Gyraulus) albus (O.F. Müller, 1774) Ischnura elegans (Vander Linden, 1820) 
Gyraulus (Armiger) crista (Linnaeus, 1758) Calopteryx splendens (Harris, 1782) 
Acroloxus lacustris (Linnaeus, 1758) Sigara (Sigara) sp. 
Unio sp. Sigara (Subsigara) falleni (Fieber, 1848) 
Anodonta group Haliplus fluviatilis Aubé, 1836 
Sphaerium corneum (Linnaeus, 1758) Nebrioporus depressus (Fabricius, 1775) 
Musculium lacustre (Müller, 1774) Gyrinus distinctus Aubé, 1837 
Pisidium casertanum (Poli, 1791) Ithytrichia sp. 
Pisidium henslowanum (Sheppard, 1823) Lype sp. 
Pisidium moitessierianum Paladilhe, 1866 Ecnomus tenellus (Rambur, 1842) 
Pisidium nitidum Jenyns, 1832 Halesus sp. 
Pisidium subtruncatum Malm, 1855 Anabolia nervosa (Curtis, 1834) 
Pisidium supinum Schmidt, 1851 Molanna angustata Curtis, 1834 
Chaetogaster sp. Athripsodes aterrimus (Stephens, 1836) 
Nais simplex group Mystacides nigra (Linnaeus, 1758) 
Stylaria lacustris (Linnaeus, 1767) Oecetis ochracea (Curtis, 1825) 
Limnodrilus cervix Brinkhurst, 1963 Ceratopogonidae 
Limnodrilus hoffmeisteri Claparède, 1862 Procladius sp. 
Psammoryctides barbatus (Grube, 1891) Ablabesmyia sp. 
Potamothrix hammoniensis (Michaelsen, 
1901) Thienemannimyia group 
Aulodrilus pluriseta (Piguet, 1906) Potthastia gaedii group 
Helobdella stagnalis (Linnaeus, 1758) Cricotopus group 
Erpobdella octoculata (Linnaeus, 1758) Chaetocladius sp. 
Hydracarina Cryptochironomus sp. 
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Table A.23 (cont.) River Thames RIVPACS invertebrate species (CEH, 2011) 

Dicrotendipes sp. Piscicola geometra (Linnaeus, 1761) 
Glyptotendipes sp. Theromyzon tessulatum (O.F.Müller, 1774) 
Harnischia sp. Glossiphonia complanata (Linnaeus, 1758) 
Polypedilum sp. Alboglossiphonia heteroclita (Linnaeus, 1761) 
Cladotanytarsus sp. Helobdella stagnalis (Linnaeus, 1758) 
Micropsectra group Erpobdella octoculata (Linnaeus, 1758) 
Stempellinella group Hydracarina 
Viviparus viviparus (Linnaeus, 1758) Asellus aquaticus (Linnaeus, 1758) 
Valvata (Cincinna) piscinalis (O.F. Müller, 
1774) Corophium sp. 
Potamopyrgus antipodarum (J.E.Gray, 1843) Crangonyx pseudogracilis Bousfield, 1958 
Bithynia (Codiella) leachii (Sheppard, 1823) Cloeon dipterum (Linnaeus, 1761) 
Bithynia (Bithynia) tentaculata (Linnaeus, 
1758) Ephemera vulgata Linnaeus, 1758 
Physa fontinalis (Linnaeus, 1758) Caenis luctuosa group 
Radix balthica (Linnaeus, 1758) Gomphus vulgatissimus (Linnaeus, 1758) 
Anisus (Disculifer) vortex (Linnaeus, 1758) Sigara (Sigara) sp. 
Unio sp. Sigara (Subsigara) falleni (Fieber, 1848) 
Anodonta group Haliplus fluviatilis Aubé, 1836 
Sphaerium corneum (Linnaeus, 1758) Nebrioporus depressus (Fabricius, 1775) 

Sphaerium rivicola (Lamarck, 1818) 
Stictotarsus duodecimpustulatus (Fabricius, 
1792) 

Pisidium casertanum (Poli, 1791) 
Helophorus (Rhopalohelophorus) brevipalpis 
Bedel, 1881 

Pisidium henslowanum (Sheppard, 1823) Sialis lutaria (Linnaeus, 1758) 
Pisidium nitidum Jenyns, 1832 Cyrnus trimaculatus (Curtis, 1834) 
Pisidium subtruncatum Malm, 1855 Polycentropus flavomaculatus (Pictet, 1834) 
Pisidium supinum Schmidt, 1851 Brachycentrus subnubilus Curtis, 1834 
Ophidonais serpentina (Müller, 1774) Anabolia nervosa (Curtis, 1834) 
Nais pardalis Piguet, 1906 Molanna angustata Curtis, 1834 
Stylaria lacustris (Linnaeus, 1767) Mystacides nigra (Linnaeus, 1758) 
Limnodrilus cervix Brinkhurst, 1963 Oecetis lacustris (Pictet, 1834) 
Limnodrilus hoffmeisteri Claparède, 1862 Procladius sp. 
Limnodrilus udekemianus Claparède, 1862 Prodiamesa olivacea (Meigen, 1818) 
Psammoryctides barbatus (Grube, 1891) Cricotopus group 
Potamothrix moldaviensis Vejdovsky & 
Mrazek, 1903 Chironomus sp. 
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Table A.23 (cont.) River Thames RIVPACS invertebrate species (CEH, 2011) 

Cryptochironomus sp. 
Potamothrix hammoniensis (Michaelsen, 
1901) 

Glyptotendipes sp. 
Potamothrix moldaviensis Vejdovsky & 
Mrazek, 1903 

Harnischia sp. Helobdella stagnalis (Linnaeus, 1758) 
Endochironomus group Erpobdella octoculata (Linnaeus, 1758) 
Polypedilum sp. Hydracarina 
Paratanytarsus group Asellus aquaticus (Linnaeus, 1758) 
Viviparus viviparus (Linnaeus, 1758) Corophium sp. 
Valvata (Valvata) cristata O.F. Müller, 1774 Crangonyx pseudogracilis Bousfield, 1958 
Valvata (Cincinna) piscinalis (O.F. Müller, 
1774) Ephemera vulgata Linnaeus, 1758 
Potamopyrgus antipodarum (J.E.Gray, 1843) Caenis luctuosa group 
Bithynia (Bithynia) tentaculata (Linnaeus, 
1758) Ischnura elegans (Vander Linden, 1820) 
Physa fontinalis (Linnaeus, 1758) Coenagrion puella group 
Radix balthica (Linnaeus, 1758) Gomphus vulgatissimus (Linnaeus, 1758) 
Anisus (Disculifer) vortex (Linnaeus, 1758) Haliplus fluviatilis Aubé, 1836 
Gyraulus (Gyraulus) albus (O.F. Müller, 1774) Laccophilus hyalinus (DeGeer, 1774) 
Ancylus fluviatilis O.F. Müller, 1774 Sialis lutaria (Linnaeus, 1758) 
Acroloxus lacustris (Linnaeus, 1758) Ecnomus tenellus (Rambur, 1842) 
Unio sp. Cyrnus trimaculatus (Curtis, 1834) 
Anodonta group Phryganea sp. 
Sphaerium corneum (Linnaeus, 1758) Molanna angustata Curtis, 1834 
Musculium lacustre (Müller, 1774) Mystacides nigra (Linnaeus, 1758) 
Sphaerium rivicola (Lamarck, 1818) Ceratopogonidae 
Pisidium casertanum (Poli, 1791) Procladius sp. 
Pisidium henslowanum (Sheppard, 1823) Cricotopus group 
Pisidium moitessierianum Paladilhe, 1866 Chironomus sp. 
Pisidium nitidum Jenyns, 1832 Cryptochironomus sp. 
Pisidium subtruncatum Malm, 1855 Dicrotendipes sp. 
Pisidium supinum Schmidt, 1851 Glyptotendipes sp. 
Limnodrilus cervix Brinkhurst, 1963 Microtendipes sp. 
Limnodrilus hoffmeisteri Claparède, 1862 Phaenopsectra sp. 
Limnodrilus udekemianus Claparède, 1862 Polypedilum sp. 
Psammoryctides barbatus (Grube, 1891) Cladotanytarsus sp. 

 
Micropsectra group 
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Appendix III 
 
Table A.24 Summary of the SS concentration data missing or removed during the data quality control 

 

Number of total 
data 

Number of missing 
data 

Data missing/removed 
(%) 

Bodilly 72507 12531 17.3 
Dee 70145 28093 40.0 
Exe 72305 14465 20.0 
Fowey 67802 12313 18.2 
Great Ouse 69554 18010 25.9 
Milburn 
Beck 68760 6603 9.6 
Mire Falls 
Gill 71316 13147 18.4 
Rother 67172 23841 35.5 
Stinchar 71019 16899 23.8 
Thames 68872 17010 24.7 
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Table A.25 SS concentrations in study sites based on: historical RIVPACS IV database, grab samples collected during 2011-2013, concentrations calculated from the 
predicted concentrations observed at the time of grab samples collection, and predicted concentrations based on the complete 15-minute resolution datasets collected 2011-
2013 

 River SS concentration data source Number of samples Mean (mg L-1) Median (mg L-1) 

Bodilly Stream 

Historical RIVPACS data  N/A N/A N/A 
Historical RIVPACS data  N/A N/A N/A 
  

   Observed concentration: grab samples 11 17 5 
Predicted concentration: central value 11 18 5 
Predicted concentration: lower value 11 12 3 
Predicted concentration: upper value 11 25 7 
  

 
  

Predicted concentration (May 2011-May 2013): central value 59976 29 22 
Predicted concentration (May 2011-May 2013): lower value 59976 20 15 
Predicted concentration (May 2011-May 2013): upper value 59976 42 31 

Dee 

Historical RIVPACS data (February 1986-March 1987) 12 2 N/A 
Historical RIVPACS data (October 2003-December 2004) 12 4 N/A 
  

 
  

Observed concentration: grab samples 12 1 1 
Predicted concentration: central value 12 5 5 
Predicted concentration: lower value 12 3 3 
Predicted concentration: upper value 12 11 10 
  

 
  

Predicted concentration (May 2011-May 2013): central value 42052 6 3 
Predicted concentration (May 2011-May 2013): lower value 42052 3 2 
Predicted concentration (May 2011-May 2013): upper value 42052 13 7 
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Table A.25 (cont.) SS concentrations in study sites based on: historical RIVPACS IV database, grab samples collected during 2011-2013, concentrations calculated from the 
predicted concentrations observed at the time of grab samples collection, and predicted concentrations based on the complete 15-minute resolution datasets collected 2011-
2013 

 River SS concentration data source Number of samples Mean (mg L-1) Median (mg L-1) 

Exe 

Historical RIVPACS data (January 1978-December 1978) 11 6 N/A 
Historical RIVPACS data (January 2002-December 2002) 7 6 N/A 
  

 
  

Observed concentration: grab samples 11 13 5 
Predicted concentration: central value 11 10 7 
Predicted concentration: lower value 11 5 3 
Predicted concentration: upper value 11 21 14 
  

 
  

Predicted concentration (May 2011-May 2013): central value 57840 18 7 
Predicted concentration (May 2011-May 2013): lower value 57840 9 3 
Predicted concentration (May 2011-May 2013): upper value 57840 39 14 

Fowey 

Historical RIVPACS data (January 1978-December 1978) N/A N/A N/A 
Historical RIVPACS data (January 2002-December 2002) N/A N/A N/A 
  

 
  

Observed concentration: grab samples 12 2 1 
Predicted concentration: central value 11 3 1 
Predicted concentration: lower value 11 1 1 
Predicted concentration: upper value 11 5 3 
  

 
  

Predicted concentration (May 2011-May 2013): central value 55489 3 1 
Predicted concentration (May 2011-May 2013): lower value 55489 1 1 
Predicted concentration (May 2011-May 2013): upper value 55489 6 3 
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Table A.25 (cont.) SS concentrations in study sites based on: historical RIVPACS IV database, grab samples collected during 2011-2013, concentrations calculated from the 
predicted concentrations observed at the time of grab samples collection, and predicted concentrations based on the complete 15-minute resolution datasets collected 2011-
2013 

 River SS concentration data source Number of samples Mean (mg L-1) Median (mg L-1) 

Great Ouse 

Historical RIVPACS data (January 1984-December 1984) 3 45 N/A 
  

 
  

Observed concentration: grab samples 13 16 11 
Predicted concentration: central value 12 11 5 
Predicted concentration: lower value 12 6 2 
Predicted concentration: upper value 12 21 9 
  

 
  

Predicted concentration (May 2011-May 2013): central value 51544 29 6 
Predicted concentration (May 2011-May 2013): lower value 51544 15 3 
Predicted concentration (May 2011-May 2013): upper value 51544 57 11 

Milburn Beck 

Historical RIVPACS data (January 2002-December 2002) 12 8 N/A 
  

 
  

Observed concentration: grab samples 12 5 3 
Predicted concentration: central value 12 6 5 
Predicted concentration: lower value 12 3 3 
Predicted concentration: upper value 12 10 9 
  

 
  

Predicted concentration (May 2011-May 2013): central value 62157 6 3 
Predicted concentration (May 2011-May 2013): lower value 62157 3 2 
Predicted concentration (May 2011-May 2013): upper value 62157 10 5 
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Table A.25 (cont.) SS concentrations in study sites based on: historical RIVPACS IV database, grab samples collected during 2011-2013, concentrations calculated from the 
predicted concentrations observed at the time of grab samples collection, and predicted concentrations based on the complete 15-minute resolution datasets collected 2011-
2013 

 River SS concentration data source Number of samples Mean (mg L-1) Median (mg L-1) 

Mire Falls Gill 

Historical RIVPACS data  N/A N/A N/A 
  

   Observed concentration: grab samples 11 17 7 
Predicted concentration: central value 11 8 4 
Predicted concentration: lower value 11 4 2 
Predicted concentration: upper value 11 16 9 
  

 
  

Predicted concentration (May 2011-May 2013): central value 58169 15 8 
Predicted concentration (May 2011-May 2013): lower value 58169 8 4 
Predicted concentration (May 2011-May 2013): upper value 58169 32 16 

Rother 

Historical RIVPACS data (January 1978-December 1978) 49 26 N/A 
Historical RIVPACS data (January 2002-December 2002) 21 31 N/A 
  

 
  

Observed concentration: grab samples 15 14 11 
Predicted concentration: central value 14 7 5 
Predicted concentration: lower value 14 4 3 
Predicted concentration: upper value 14 12 9 
  

 
  

Predicted concentration (May 2011-May 2013): central value 43331 11 6 
Predicted concentration (May 2011-May 2013): lower value 43331 6 4 
Predicted concentration (May 2011-May 2013): upper value 43331 19 10 
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Table A.25 (cont.) SS concentrations in study sites based on: historical RIVPACS IV database, grab samples collected during 2011-2013, concentrations calculated from the 
predicted concentrations observed at the time of grab samples collection, and predicted concentrations based on the complete 15-minute resolution datasets collected 2011-
2013 

 River SS concentration data source Number of samples Mean (mg L-1) Median (mg L-1) 

Stinchar 

Historical RIVPACS data (January 1979-December 1979) 10 9.2 N/A 
  

   Observed concentration: grab samples 10 3.5 2.6 
Predicted concentration: central value 10 4.5 5.4 
Predicted concentration: lower value 10 2.3 2.9 
Predicted concentration: upper value 10 8.6 10.2 
  

   Predicted concentration (May 2011-May 2013): central value 54120 14.6 6.2 
Predicted concentration (May 2011-May 2013): lower value 54120 7.7 3.3 
Predicted concentration (May 2011-May 2013): upper value 54120 27.5 11.6 

Thames 

Historical RIVPACS data (January 1984-December 1984) 50 21.5 N/A 
Historical RIVPACS data (January 2002-December 2002) 9 19.2 N/A 
  

   Observed concentration: grab samples 13 13.7 8.2 
Predicted concentration: central value 13 7.1 5.3 
Predicted concentration: lower value 13 3.6 2.7 
Predicted concentration: upper value 13 14.3 10.5 
  

   Predicted concentration (May 2011-May 2013): central value 51862 10.9 7.5 
Predicted concentration (May 2011-May 2013): lower value 51862 5.5 3.8 
Predicted concentration (May 2011-May 2013): upper value 51862 21.8 14.8 
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Table A.26 Descriptive statistics for predicted SS concentrations: lower values 

 
Predicted SS concentration (mg L-1): lower value 

 
River  

N 
 

Mean 
 

Std.  
Deviation 

 
Std.  

Error 

95% Confidence 
Interval for Mean 

 
Median 

 
Range 

 
Minimum 

 
Maximum 

 
Skewness 

 
Kurtosis 

 
 

 Lower  
Bound 

Upper 
 Bound 

Bodilly 
 

59976 20.3 19.7 0.1 20.1 20.4 15.2 248.7 0.1 248.7 1.9 7.6 

Dee 
 

42052 3.2 6.6 0.0 3.1 3.3 1.6 151.6 0.2 151.8 7.7 89.3 

Exe 
 

57840 8.7 19.4 0.1 8.6 8.9 3.3 279.4 0.8 280.1 6.9 62.9 

Fowey 
 

55489 1.4 5.1 0.0 1.4 1.5 0.6 228.3 0.5 228.8 19.0 475.7 

Great Ouse 
 

51544 15.1 31.5 0.1 14.8 15.4 2.9 436.2 0.9 437.1 5.6 46.9 

Milburn Beck 
 

62157 3.2 5.2 0.0 3.2 3.2 1.7 213.4 0.6 214.0 8.3 145.0 

Mire Falls Gill 58169 7.5 13.8 0.1 7.4 7.6 3.8 240.4 1.0 241.3 5.4 38.0 

Rother 
 

43331 6.3 10.3 0.0 6.2 6.4 3.6 234.0 0.2 234.2 5.8 58.7 

Stinchar 
 

54120 7.7 15.1 0.1 7.6 7.8 3.3 368.8 0.6 369.4 6.0 58.1 

Thames 
 

51862 5.5 7.6 0.0 5.4 5.5 3.8 116.5 0.7 117.2 7.1 73.4 
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Table A.27 Descriptive statistics for predicted SS concentrations: upper values 

 
Predicted SS concentration (mg L-1): upper value 

 
River  

N 
 

Mean 
 

Std.  
Deviation 

 
Std.  

Error 

95% Confidence 
Interval for Mean 

 
Median 

 
Range 

 
Minimum 

 
Maximum 

 
Skewness 

 
Kurtosis 

 
 

 Lower  
Bound 

Upper 
 Bound 

Bodilly 
 

59976 41.5 40.3 0.2 41.2 41.8 31.1 512.0 0.2 512.2 1.9 7.7 

Dee 
 

42052 12.9 26.3 0.1 12.6 13.1 6.5 608.8 1.1 609.9 7.8 91.0 

Exe 
 

57840 38.5 84.5 0.4 37.8 39.2 14.2 1243.1 3.9 1247.0 7.1 66.3 

Fowey 
 

55489 6.3 20.3 0.1 6.1 6.4 3.2 921.1 2.3 923.4 19.5 500.4 

Great Ouse 
 

51544 57.3 119.7 0.5 56.2 58.3 10.7 1677.7 3.5 1681.2 5.7 48.8 

Milburn Beck 
 

62157 10.2 16.2 0.1 10.0 10.3 5.3 673.0 2.0 675.0 8.4 149.6 

Mire Falls Gill 
 

58169 31.7 56.6 0.2 31.2 32.1 15.6 998.4 4.5 1002.9 5.5 39.3 

Rother 
 

43331 18.7 30.1 0.1 18.4 19.0 10.4 705.6 1.4 707.0 6.1 63.6 

Stinchar 
 

54120 27.5 53.7 0.2 27.1 28.0 11.6 1327.5 2.6 1330.0 6.1 60.0 

Thames 51862 21.8 29.8 0.1 21.6 22.1 14.8 463.3 2.8 466.2 7.2 75.9 
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Table A.28 Normality test results for SS concentration during seasons: 2011-2012 and 2012-2013 

     Tests of Normality 
    Kolmogorov-Smirnova 
SS concentration (mg L-1)   Statistic D.F. Sig. 
 
Bodilly 

 
Year 2011-2012 

 
.162 

 
36468 

 
0.000 

  Year 2012-2013 .136 23508 0.000 
 
Dee 

 
Year 2011-2012 

. 
346 

 
19952 

 
0.000 

  Year 2012-2013 .296 22100 0.000 
 
Exe 

 
Year 2011-2012 

 
.350 

 
29745 

 
0.000 

  Year 2012-2013 .332 28095 0.000 
 
Fowey 

 
Year 2011-2012 

 
.339 

 
23300 

 
0.000 

  Year 2012-2013 .427 32189 0.000 
 
Great Ouse 

 
Year 2011-2012 

 
.352 

 
23257 

 
0.000 

  Year 2012-2013 .296 28287 0.000 
 
Milburn Beck 

 
Year 2011-2012 

 
.302 

 
34390 

 
0.000 

  Year 2012-2013 .314 27767 0.000 
 
Mire Falls Gill 

 
Year 2011-2012 

 
.238 

 
27061 

 
0.000 

  Year 2012-2013 .334 31108 0.000 
 
Rother 

 
Year 2011-2012 

 
.315 

 
19381 

 
0.000 

  Year 2012-2013 .254 23950 0.000 
 
Stinchar 

 
Year 2011-2012 

 
.319 

 
26544 

 
0.000 

  Year 2012-2013 .306 27576 0.000 
 
Thames 

 
Year 2011-2012 

 
.302 

 
26217 

 
0.000 

  Year 2012-2013 .188 25645 0.000 
a Lilliefors Significance Correction 
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Table A.29 Mann-Whitney mean rank test for SS concentrations in 2011-2012 and 2012-2013 

 SS concentration (mg L-1) 
 Year 2011-2012 Year 2012-2013 
 N Mean 

Rank 
Sum of  
Ranks 

N Mean 
Rank 

Sum of 
Ranks 

Bodilly 36468 28300.1 1032046915.5 23508 32607.8 766543360.5 
       
Dee 19952 20330.7 405637371.0 22100 21654.7 478569007.0 
       
Exe 29745 25598.4 761425227.0 28095 32437.7 911336493.0 
       
Fowey 23300 27413.8 638740622.0 32189 27984.8 900801683.0 
       
Great Ouse  23257 21234.7 493856002.0 28287 29503.4 834561738.0 
       
Milburn Beck  34390 29729.2 1022386549.0 27767 32750.8 909390854.0 
       
Mire Falls Gill 27061 31706.7 858014135.0 31108 26804.4 833831230.0 
       
Rother 19381 17167.8 332729135.5 23950 25306.1 606080310.5 
       
Stinchar 26544 26435.2 701696971.0 27576 27662.4 762817289.0 
       
Thames 26217 26179.3 686342199.5 25645 25678.2 658517253.5 
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Table A.30 Normality test results for river discharge during seasons: 2011-2012 and 2012-2013 

Tests of Normality 
Discharge (m3 s-1) 
 

Kolmogorov-Smirnova 
Statistic D.F. Sig. 

Bodilly  Year 2011-2012 0.148 35082 0.000 

Year 2012-2013 0.172 35013 0.000 
Dee  
 

Year 2011-2012 0.247 35122 0.000 

Year 2012-2013 0.262 34116 0.000 
Exe  
 

Year 2011-2012 0.108 34878 0.000 
Year 2012-2013 0.131 34788 0.000 

Fowey  
 

Year 2011-2012 0.229 31013 0.000 
Year 2012-2013 0.265 34141 0.000 

Great Ouse  Year 2011-2012 0.341 31742 0.000 
Year 2012-2013 0.183 33921 0.000 

Milburn Beck  
 

Year 2011-2012 0.223 27598 0.000 
Year 2012-2013 0.176 32410 0.000 

Mire Falls Gill  
 

Year 2011-2012 0.280 35116 0.000 
Year 2012-2013 0.291 34938 0.000 

Rother  
 

Year 2011-2012 0.368 35125 0.000 
Year 2012-2013 0.285 30992 0.000 

Stinchar  
 

Year 2011-2012 0.231 34468 0.000 
Year 2012-2013 0.258 35030 0.000 

Thames  
 

Year 2011-2012 0.282 32540 0.000 
Year 2012-2013 0.106 32390 0.000 

a Lilliefors Significance Correction     
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Table A.31 Mann-Whitney U test results for the discharge in season 2011-2012 and 2012-2013 

Test Statistics 
Bodilly discharge  

(m3 s-1) 
Dee discharge 

(m3 s-1) 
Mann-Whitney U 275629018.500 479141630.000 
Wilcoxon W 891019921.500 1061109416.000 
Z -126.384 -45.627 
Asymp. Sig. (2-tailed) 0.000 0.000 

Test Statistics 
Exe discharge 

(m3 s-1) 
Fowey discharge 

(m3 s-1) 
Mann-Whitney U 475716485.500 302195056.500 
Wilcoxon W 1083971366.500 783113647.500 
Z -49.340 -94.763 
Asymp. Sig. (2-tailed) 0.000 0.000 

Test Statistics 
Great Ouse discharge  

(m3 s-1) 
Rother discharge 

(m3 s-1) 
Mann-Whitney U 106504320.500 222648088.000 
Wilcoxon W 610297473.500 839548463.000 
Z -177.916 -131.343 
Asymp. Sig. (2-tailed) 0.000 0.000 

Test Statistics 
Milburn Beck  

discharge (m3 s-1) 
Mire Falls Gill 

discharge (m3 s-1) 
Mann-Whitney U 340493320.500 264445987.500 
Wilcoxon W 721331921.500 881030273.500 
Z -50.544 -130.406 
Asymp. Sig. (2-tailed) 0.000 0.000 

Test Statistics 
Stinchar discharge  

(m3 s-1) 
Thames discharge 

(m3 s-1) 
Mann-Whitney U 595806409.000 89432462.000 
Wilcoxon W 1209374374.000 618874532.000 
Z -2.988 -183.223 
Asymp. Sig. (2-tailed) .003 0.000 
a. Grouping Variable: Year 
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Table A.32 Median discharge for study sites during 2011-2013 

 Median discharge (m3 s-1) 

River  Year 

2011-2012 

Year 

2012-2013 

Year 

2011-2013 

Bodilly 0.11 0.21 0.16 

Dee 10.51 8.25 9.54 

Exe 7.44 10.08 8.53 

Fowey 0.13 0.23 0.19 

Great Ouse 3.98 13.8 6.89 

Milburn Beck 0.07 0.11 0.08 

Mire Falls Fill 0.03 0.07 0.05 

Rother 0.48 1.61 0.75 

Stinchar 1.66 1.55 1.58 

Thames 7.4 47.63 23.09 
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Table A.33 Sites’ gauging stations details and catchment descriptions (CEH, 2014b) 

 
River 

 
Station 
number 
 

National  
Grid/ 
Reference 
 number 

 
Catchment 
area (km2) 

 
Period 
of 
record 

 
Catchment description 

 
Bodilly  
Stream  

 
48801 

 
SW67573112/ 
SW63F042 

 
26.53 

 
N/A 

 
Igneous catchment, granite with 
some areas of alluvium. Land 
use is mostly rural/agricultural 
with little urbanisation 
 

 
Dee 

 
12007 

 
NO097895 

 
289 

 
1982- 
2012 

 
Dalradian and Moinian 
metamorphic and granite 
mountains. Mountainous 
headwaters, often snowy in 
winter. Mountain, moorland 
forest cover  
 

 
Exe 

 
45002 

 
SS942178 

 
421.7 

 
1960- 
2012 

 
The catchment is entirely within 
the Exmoor National Park; 
headwaters drain Exmoor. The 
solid geology of the catchment is 
predominantly of Devonian and 
Carboniferous age; Devonian 
sandstones and Culm Measures. 
Relatively impermeable 
catchment. Moorland 
headwaters, grazing land and 
forestry. Some agricultural land 
may be found near to the station. 
Entirely rural 
 

 
Fowey 

 
48001 

SX22736981 
SX26F065 
(Trekeivesteps); 
SX23287030 
SX27F009 
(Siblyback) 

 
36.8 

 
1957- 
2012 

 
Moderate relief, wet moorland 
catchment on the Bodmin Moor 
Granite. Extensive hill and 
valley peat deposits. Kaolinised 
granite moderates direct runoff 
response 
 

 
Great  
Ouse 

 
33039 

 
TL160534 

 
1660 

 
1972- 
2011 

 
Geology predominantly clay. 
Land use agricultural with 
substantial urban development at 
Milton Keynes 
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Table A.33 (cont.) Sites’ gauging stations details and catchment descriptions (CEH, 2014b) 

 
River 

 
Station 
number 

 

National  
Grid/ 

Reference 
 number 

Catchment 
area  

(km2) 

 
Period 
of 
record 

 
Catchment description 

 
Milburn 
Beck 

 
N/A 

 
N/A 

 
N/A 

 
N/A 

 
Small, relatively remote, upland 
catchment located in a nature 
reserve in upper Teesdale. 
Catchment is almost entirely 
covered by peaty moorland, 
developed mainly on Carboniferous 
Limestone  
 

Mire 
Falls  
Gill 

27055 SE559883 131.7 1974 - 
2011 

A rural catchment with a sensibly 
natural regime, draining the rural 
Cleveland Hills. Geology of 
Jurassic beds of Oolite and Lias, 
dipping southwards. The Liassic 
beds (mostly shales) form an intier 
in the upper part of the catchment 
with the sandstones and shales of 
the overlying Estuarine series 
forming the high ground around the 
catchment 
 

Rother 40004 TQ772244 206 1962 - 
2012 

A small responsive catchment 
developed mainly on clays of 
Wadhurst Series and substantial 
tracts of Ashdown Sands. 
Tunbridge Wells Sand 8%, 
Wadhurst Clay 58%, Ashdown 
Sand 31%, Purbeck Beds 3%. 
57.5% of catchment naturally 
impervious, 42.5% pervious. Rural, 
with significant expanses of 
woodland and no large settlements. 
 

Stinchar 82003 NX107832 341 1973 - 
2012 

Geology dominated by 
metamorphosed sandstone and 
shales (Ordovician) with igneous 
outcrops in the headwaters, overlain 
with peat and boulder clay. Rural, 
upland catchment with extensive 
forested areas in west, rough 
pasture elsewhere 

 
Thames 

 
39002 

 
SU568936 

 
3444.7 

 
1938 - 
2012 

 
Mixed geology (Oolitic Limestone 
headwaters, Oxford Clay 
downstream). Predominantly rural 
with development concentrated 
along the valley 
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