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Abstract

Erosion, transportation and deposition of fine sediment (organic and inorganic
particles <2 mm in diameter) are fundamental processes in the
hydrogeomorphic cycle and river systems require a constant supply in order to
function. However, excessive fine sediment delivery can cause serious
deleterious effects to aquatic systems and is one of the leading causes for
failure to meet Good Ecological Status as set out by the EU Water Framework
Directive (2000/60/EC). Given the need for effective management of fine
sediment, this thesis examines how fine sediment is driving macroinvertebrate
responses in order to help improve biomonitoring, i.e. the practice of using
biological communities to track environmental change. A systematic style
review was undertaken to assess the weight of evidence for macroinvertebrate
responses to fine sediment, which identified several correlative relationships.
However, a global imbalance of evidence is apparent and there is a distinct
knowledge gap of the mechanisms driving macroinvertebrate responses to fine
sediment. The review outcomes helped inform the design of a controlled
laboratory experiment which investigated the direct physical effects of fine
sediment (e.g. clogging and abrasion of gills) on three different species of
macroinvertebrates. The results showed that gill surfaces were covered in fine
sediment debris to varying extents and responded differently to treatments in a
way that suggested gill morphology and behavioural responses (such as

avoidance) as key factors.

The last decade has seen a development in sediment-specific biomonitoring
tools globally. Through a national (England) fieldwork sampling regime, existing
sediment-specific biomonitoring indices were tested against varying gradients of
fine sediment (deposited and suspended) alongside indices for general
ecological health. Further insights into the response of macroinvertebrates (both
taxonomic and trait-based) to fine sediment were explored using a variety of
statistical techniques. The results reinforced several outcomes of the earlier
systematic style review and also supported the use of sediment-specific

biomonitoring indices. However, the majority of variation in sediment-specific



index scores at each site were related to habitat and flow variables. Finally, the
results obtained within this thesis were linked with emerging ecological theory
and the factors which may influence the success of biomonitoring indices
globally (e.g. invasive non-native species and climate change). This thesis ends
by making recommendations for monitoring approaches and future research

directions.
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Chapter 1 — Introduction

1.1 The research context

Freshwater environments represent a unique link between terrestrial and
climatic systems. These environments provide important roles other than the
provision of drinking water, including ecosystem services such as flood
retention, water purification, nutrient cycling, groundwater recharge, biodiversity,
tourism, and recreation (Wilson and Carpenter 1999; Arthington et al. 2010).
These systems therefore have high natural capital value, contributing to the
estimated $125 trillion total value of ecosystem services per year (Costanza et
al. 2014)*. Lakes and rivers alone have an estimated value of over $2.5 trillion

per annum (Costanza et al. 2014)2.

Loeb and Spacie (1994, p3) stated that ‘the health of an aquatic ecosystem is
degraded when the ecosystem’s ability to absorb a stress has been exceeded'.
Stress on an ecosystem can be physical, chemical or biological but these
stressors are not mutually exclusive and can occur in combination leading to
faster, and possibly prolonged, environmental degradation. Humankind’s
reliance on aquatic systems contributes to their susceptibility to environmental
degradation from anthropogenic stressors. This is further exacerbated as
human activities have increased the demand on environmental resources and
the ecosystem services that they provide (Vérosmarty et al. 2010). Fine
sediment, defined as organic and inorganic particles <2 mm in diameter, in
aquatic environments has been recognised as a significant problem for over 40
years when it was first described as the most detrimental aquatic pollutant
(Ritchie 1972). Increasingly intensive agricultural land management,
construction, mining, deforestation, and in-channel modifications leading to

bank erosion and channel incision, are some of the main anthropogenic sources

L Equivalent to £74.2 trillion as per the GBP exchange rate on 20 May 2014 (date of publication of
Costanza et al. 2014)

2 Equivalent to £1.4 trillion (calculated as per above footnote)



leading to increased sediment loads in rivers (Owens et al. 2005, Collins et al.
2009a, Yule, Boyero, and Marchant 2010). The effects on aquatic environments
are severe, including flooding, navigation blockages, and wide-ranging impacts
on biota. There is an urgent requirement for targeted monitoring to determine
where management methods are required to reduce the delivery of fine

sediment to aquatic environments.

The configuration of aquatic health monitoring in the UK is currently bound by
its obligations to the European Union (EU). The EU Water Framework Directive
(WFD) (European Community 2000/60/EC) requires all ground and surface
water bodies (rivers, lakes, transitional and coastal waters) to be in at least
‘good status’ by 2027. ‘Good status’ represents the fourth level on a five-point
scale from ‘bad’ to ‘high’. Classification of surface waters is through assessment
of the biological (fish, benthic invertebrates and aquatic flora),
hydromorphological (e.g. bank structure) and chemical (e.g. oxygenation,
phosphates and nitrates) status of water bodies. Groundwater is classified
through the assessment of the quantitative (i.e. volume) and chemical status. At
the time of submitting this thesis, the UK is currently in negotiations to withdraw
from the European Union. It is understood that in the interim, all EU
environmental laws will continue to be adopted by the UK Government
(Environment Agency, pers comm). Despite the uncertainty over the future of
this legislation, the Government has independently committed to a 25 Year
Environment Plan (HM Government 2018). Within the plan, the Government
recognises that 75% of all sediment loadings to aquatic environments originate
from farming practices (Defra 2007, Bewes, Davey, and Keirle 2014) and aims
to improve the ecological status of water bodies through enforcing regulations to
reduce water pollution from agriculture. The provision of robust evidence to
policy makers is crucial to ensure the preservation and continued improvement
of freshwater environments whilst the long-term future of the environmental
policy framework remains unclear. The results of this thesis will provide
evidence to UK policy makers once the obligations under WFD cease and as

new environmental legislations are implemented through UK Parliament.



Aquatic biomonitoring, the science of inferring the condition of the aquatic
environment using the ecological community, has been standard practice for
many years (Kolkowitz and Marsson 1908, Rosenberg and Resh 1993).
Biomonitoring is conducted through the use of biotic indices, which allocate a
score to each taxon based on their sensitivity to aquatic pollution. Aquatic
macroinvertebrates are uniquely suited as biomonitors. They are widely
abundant and ubiquitous in almost all environmental conditions, exhibit a large
response diversity and are relatively easy to identify (Relyea, Minshall, and
Danehy 2012). The most well-developed index in the UK, the Walley Hawkes
Paisley Trigg index (WHPT) (Walley and Hawkes 1996), is used as a general
indicator of aquatic health. This index is currently used by UK monitoring
authorities to classify the biological status of water bodies. Biotic indices are
dependent on the reliable allocation of sensitivity scores (Bonada et al. 2006). A
variety of methods exist ranging from expert knowledge based to purely
statistical approaches. It is important that any biotic index is thoroughly

assessed before incorporation into national monitoring frameworks.

Physical methods of measuring both suspended and deposited fine sediment in
rivers, while useful, can be time consuming, prone to errors and fail to integrate
the conditions of the catchment, often only representing conditions at a single
point in time. Furthermore, there is no globally agreed standard practice, and
the multitude of methods available each measure a different component of the
fine sediment system (e.g. superficial substrate or interstitial sediments and/or
actively transported sediment). Given the realisation that fine sediment is a
significant stressor of aquatic environments, and the problems associated with
traditional physical methods of measurement, the last decade has seen the
development of sediment-specific indices by scholars and management
authorities. Among those developed for use in the UK are the Proportion of
Sediment-sensitive Invertebrates (PSI; Extence et al. 2013), its empirical
improvement (EPSI and EPSImixed; Turley et al. 2015, 2016) and the
Combined Fine Sediment Index (CoFSI; Murphy et al. 2015). Disentangling the
multifarious responses of aquatic biota to fine sediment is crucial to improving

sediment-specific biomonitoring tools.



1.2 Aims and Objectives

The title of this thesis is ‘Quantifying the responses of macroinvertebrates
to gradients of fine sediment pollution’. This overarching intention has been
subdivided into three individual aims. Each aim is then achieved through a
number of objectives and each objective aligns to a specific chapter within this

thesis. The aims for this thesis are as follows:

1. Identify the main causal mechanisms involved in macroinvertebrate
responses to fine sediment
- Objective 1.1 — Review current literature (relevant to the research
aims) to produce an overview of the knowledge on the fluvial
sediment system, the responses of macroinvertebrates to fine
sediment, and the importance of biomonitoring approaches in
monitoring fine sediment (Chapter 2).
- Objective 1.2 — Carry out a review using a systematic methodology to
assess the weight of evidence for macroinvertebrate responses to
fine sediment (Chapter 3).
- Objective 1.3 - Conduct a flume experiment to investigate the
physical effects of fine sediment on macroinvertebrates (Chapter 4).
2. Compare and assess methods for quantifying suspended and
deposited fine sediment in lowland gravel bed rivers
- Objective 2.1 — Carry out field work to compare different methods of
measuring fine sediment (Chapter 5).
3. Test the response of macroinvertebrates to different metrics of fine
sediment
- Objective 3.1 — Evaluate sediment-specific (e.g. PSI and CoFSl) and
non-specific (e.g. WHPT) indices against different metrics of fine

sediment (Chapter 5).

1.3 Thesis structure

The structure of this thesis is outlined in Figure 1.1. The narrative literature

review in Chapter 2 provides a detailed introduction to the sediment system, the



ecological impacts of fine sediment and monitoring practices for fine sediment
including traditional physical methods and the move to biomonitoring style
approaches. One of the roles of this chapter is to define the key concepts which
are fundamental to the subsequent chapters. Chapter 3 follows a systematic
approach to assess the evidence of macroinvertebrate responses to excessive
fine sediment. Compared to Chapter 2, which provides a broad narrative
overview, Chapter 3 addresses a more specific research aim by seeking to
classify the types of macroinvertebrate responses to fine sediment. Chapter 3
assesses the wealth of published evidence to provide an ‘evidence map’. Using
a weight of evidence approach, the responses of macroinvertebrates to fine
sediment are assessed based on the quality and rigour of the scientific study
from which it originates. Higher quality studies receive a higher weighting and
therefore contribute more to the overall evidence conclusion. Chapter 4
addresses key knowledge gaps identified in Chapter 2 and 3 by conducting a
laboratory experiment to test whether fine sediment can cause physical
damage, in the form of abrasion and clogging, on macroinvertebrate gill tissue.
Macroinvertebrate cadavers are exposed to varying water velocities and
concentrations of fine sediment in a recirculating flume. After exposure, a novel
method of digital image analysis is used to determine the presence of physical
damage from scanning electron microscopy images of individual gills. Chapter 5
reports results from a field study conducted to form an independent test of
recently developed fine sediment-specific biomonitoring indices. Study sites are
selected based on an extensive filtering process to minimise confounding
factors. Within this chapter, different methods of measuring fine sediment are
tested and compared. Some emerging methods in functional trait-based
ecology and machine learning are explored in the novel analysis. Finally,
Chapter 6 provides a summary of the key findings, draws conclusions from the

collective results, and makes recommendations for future research.

The core of this thesis is embedded in ecological theory and applied practices.
However, due to the cross-cutting nature of studying fine sediment in aquatic
environments, this thesis will also span the disciplines of geomorphology and

hydrology. This thesis incorporates the two broad epistemologies of



reductionism and holism (Figure 1.1). Whilst still sometimes ambiguous
(Redfield 1988), reductionism attempts to isolate specific causes and effects,
whereas holism takes a broader approach under which causal mechanisms are
often uncertain (Trepl and Voigt 2011). The three results chapters (Chapter 3, 4
and 5) span both these approaches. Chapter 4, is particularly reductionist
based on its controlled experimental approach designed to isolate two specific
mechanisms hypothesised to control macroinvertebrate responses to fine
sediment. The systematic review in Chapter 3 reviews evidence from both
reductionist and holistic studies to provide an overall evidence synthesis.
Finally, in Chapter 5, the field study takes a holistic approach. Whilst aiming to
determine the overall effects of fine sediment, various site-specific abiotic and
biotic factors will interact to determine the community at each site. The effects
of these factors are disentangled with the help of a site-selection process and

through statistical analysis.
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Figure 1.1 — The relationships between the chapters and the different
conceptual frameworks within this thesis. The increasing height of the central
figure illustrates a move towards holism as opposed to reductionism.



Chapter 2 — Fine sediment as a pressure of
aquatic environments and progresses in

monitoring approaches

Chapter overview

The erosion, transportation and deposition of fine sediment (<2 mm dia) are
fundamental processes in the hydrogeomorphic cycle. However, increasingly
intensive land management such as agriculture and construction, as well as in-
channel sources such as channel incision, have elevated sediment levels
beyond background levels. The delivery of excessive fine sediment to rivers can
cause serious deleterious effects on aquatic ecosystems and is widely
acknowledged to be one of the leading contributors to the degradation of rivers
globally. This chapter begins by providing an overview of the fine sediment
system including the sources and transport to river systems. Impacts of fine
sediment are extensive and the effect on the ecological community can be
complex. Fine sediment may be transported in suspension or deposited
superficially or interstitially on or in the coarser river substrate. The multifarious

impacts of sediment on macroinvertebrates are reviewed in this chapter.

Given the widespread impacts of fine sediment, measuring and monitoring its
presence is required to evaluate the implementation of land management
interventions and improve aquatic health. Physical methods of measuring fine
sediment, while useful, can be time consuming, prone to errors and fail to
integrate the conditions of the catchment, often only representing conditions at
a single point in time (i.e. instantaneous rather than integrated over time)
(Extence et al. 2013). Biomonitoring involves taking a community-wide
approach to infer the environmental conditions at a given site. The
fundamentals of biomonitoring lie within ecological theory, such as niche theory
and disturbance response diversity. Aquatic macroinvertebrates are uniquely
suited to their roles as biomonitors of stream health. Macroinvertebrate

biomonitoring offers many benefits over traditional (physical) methods of



measuring fine sediment. Recognition of fine sediment as a significant pollutant
of aquatic systems has led to the development of sediment-specific
biomonitoring indices. This chapter ends by summarising the literature and
highlighting the opportunities for developing the knowledge base on quantifying

the response of macroinvertebrates to gradients of fine sediment pollution.

2.1 Introduction

The aim of this chapter is to introduce the issues underpinning subsequent
chapters and provide a synthesis of the relevant published literature to date.
Key terms that will be used throughout the thesis will be defined in context. This
chapter provides a narrative on the progress in the field, from the recognition of
fine sediment as a significant stressor, to early studies quantifying individual or
community effects, and lastly to the current development of sediment-specific

biomonitoring and the emergence of species-trait-environment analyses.

2.2 The sediment system

Erosion, transport and deposition of fine sediment are fundamental processes in
the hydrogeomorphic cycle and river systems require a constant supply in order
to function (Jones et al. 2012b). Diverse aquatic communities rely on the supply
of fine sediment to provide suitable heterogeneous habitats and for delivery of
particulate and dissolved organic matter (Collins et al. 2011). Fine sediments in
river systems can be classified in two main fractions: deposited or suspended.
The deposited fraction is the quantity of sediment that settles on the river bed.
This deposited sediment can infiltrate into the substrate, a process known as
colmation (Descloux, Datry, and Usseglio-Polatera 2014, Wharton, Mohajeri,
and Righetti 2017). Depending on hydraulic conditions, sediment can transfer
into the stream bed either vertically via the settling or turbulent diffusion of fine
sediments from the water column, or horizontally through intragravel transport
(Harper et al. 2017). The suspended fraction is the quantity of sediment that is

held within the water column. The quantity of suspended sediment is



intrinsically linked to the prevailing hydraulic conditions, catchment geology and

geomorphological processes acting within a river system (Walling 2005).

The quantity of sediment transported downstream over a given period of time is
described as the sediment load. Sediment can either be transported as bed
load, suspended load or wash load (Table 2.1 and Figure 2.1). In terms of
catchment management, the bedload is generally considered the most
important fraction of sediment transport due to the effects on erosion and
bedform change (Parker 1979, Talukdar, Kumar, and Dutta 2012). Despite
comprising the smallest sediment particle sizes, the wash load can influence the
optical properties of the water column (i.e. by increasing turbidity
disproportionately for the same suspended sediment concentration as, for
example, fine sand), reducing the depth to which light can penetrate (Waters
1995, Ziegler 2002). The total load, and the quantities contained in each
component, will be influenced by the fluvial system (Ashworth and Ferguson
1989, Lane and Richards 1997) and can vary significantly, temporally and
spatially. Mean standard suspended sediment concentrations (SSCs) in
temperate rivers can vary three-fold inter-annually (Grove et al. 2015) with large
seasonal variations as a result of high rainfall and flood events (Woodruff et al.
2001).

Table 2.1 — A description of the three compartments of sediment load
transportation; bed load, suspended load and wash load

Sediment load | Description
compartment

Bed load Sediment particles saltating along the river bed.

Suspended load | The proportion of particles suspended in the water column.

Wash load A component of the suspended load. It comprises the
smallest sediment fractions (usually <2 pm), including the
colloidal fraction (particles 0.001-1 um), which will typically
always remain in suspension. However, colloids have a
high surface charge and will readily form flocs, especially
in the presence of organic matter, which can more readily
deposit (Droppo et al. 1997).
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Figure 2.1 — Fine sediment transport (black arrows) and deposition (grey
arrows) processes in gravel beds. These processes occur in three distinct
loads; the suspended, dissolved and interstitial load. Transport of fine sediment
is affected by the change in velocity profile V(y) through the water and sediment
column (right) (adapted from Casas-Mulet et al. 2017).

Largely a function of its source, the quality of sediment particles is closely
associated with its impacts on the ecological community. The quantities of the
organic and inorganic components of fine sediment can have important impacts
on the biota in river systems (discussed in Section 2.3). Suspended sediment is
estimated to be responsible for 27% of the global transfer of carbon to rivers
(Meybeck 1982). Fine sediment also has the potential to interact with chemical
elements and compounds, which can contribute to pollution of freshwater
environments. The colloidal fraction of sediment is characterised by large
surface areas and ionic charges which have the potential to attract and bind
with other substances. Concentrations of heavy metals have been found to be
100-10,000 times higher in the sediment than in the water column (Yi et al.
2008). Fine sediments have also been shown to sorb pesticides (Gilliom and
Clifton 1990, Gao et al. 1998), nutrients such as nitrates and phosphates
(Tournoud et al. 2005) and polychlorinated biphenyls (PCBs) (Walling et al.
2003). The term Persistent Organic Pollutants (POPSs) is used to describe
chemicals that sorb strongly to solids due to their hydrophobic and lipophilic

nature (Jones and de Voogt 1999). Fine sediments in aquatic systems are a
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significant sink for POPs and represent an important pathway into the food web
as the contaminants become bioavailable to aquatic organisms (Rainbow
1995). The presence of sediment-associated contaminants is a significant
problem closely associated with fine sediment delivery to aquatic systems.
However, consideration of the wealth of evidence related to ecotoxicological

effects is beyond the scope of this thesis.

Excessive fine sediment delivered to aquatic environments is a significant threat
to ecosystem health (Yule, Boyero, and Marchant 2010). Defining ‘excessive’
fine sediment is complex. At the most basic level, and the definition implied in
this thesis, ‘excessive’ can be defined as the quantity over and above that of
natural background levels, i.e. the supply and delivery of sediment has been
altered or enhanced in some way, usually anthropogenically (Bilotta et al.
2012). Nonetheless, quantifying ‘background levels’ of fine sediment is
exceptionally difficult. From a paleolimnological perspective, Foster et al. (2011)
defines excessive quantities as sediment yields that are significantly greater
than pre ~1940 levels (prior to the most dramatic increase in sediment yields
which occurred after 1945 according to Foster et al. 2006). Background fine
sediment levels will also naturally vary depending on spatial variation and key
catchment drivers (e.g. geology and catchment land use). Therefore,
delineating the empirical quantities of fine sediment as a result of natural
variation to that of enhancement from anthropogenic activities is still poorly

understood by both academics and river managers.

Fine sediment is often described as a diffuse pollutant in aquatic environments
and the term ‘fine sediment pollution’ is used throughout this thesis to describe
the excessive delivery and retention of ‘fines’ (fine sediment). Increasingly
intensive agricultural land management, construction, mining, deforestation, and
in-channel modifications, leading to bank erosion and channel incision, are
some of the main anthropogenic sources leading to increased sediment loads of
rivers (Owens et al. 2005, Collins et al. 2009b, Yule, Boyero, and Marchant
2010). Since industrialisation, rapid population increase and development of
specialised agricultural machinery has led to more intensive land management

practices (Zhang et al. 2014). Before 2005, the European Union Common
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Agricultural Policy subsidies were coupled with production, therefore the
incentive to intensify was driven not just by external profits but from an
increased subsidy payment. More recently, in many parts of the United States,
large areas are being converted to agricultural land for the cultivation of biofuels
(Klco 2008). Soil carried off in rainwater or by irrigation from intensively farmed

agricultural land will inevitably end up in aquatic systems.

Excessive fine sediment delivery, when coupled with relatively low transport
capacity of lowland rivers (Naden et al. 2016), results in channels choked with
fine sediment causing significant impacts on aquatic communities. As a result of
this, fine sediment is considered to be a significant pollutant to aquatic systems
globally (Owens et al. 2005). However, the impacts of soil erosion from land
sources extend beyond ecological impacts to aquatic communities. Soil
degradation in England and Wales has a total economic cost of an estimated
£1.2 billion per year (Graves et al. 2015). ‘On-site’ costs to farmers and
landowners include yield losses or costs incurred through mitigating soil
erosion. Costs incurred by wider society are those which occur ‘off-site’ such as
flooding of properties as a result of rapid run-off from cultivated hill-slopes or
effects on drinking water quality. Increased sediment delivery to river systems
can cause significant implications for river regulation. The results are serious:
flooding, navigation blockages, and large build ups at weirs and dams leaving
channels requiring regular maintenance, such as dredging or dam flushing
which can deliver large slugs of sediment downstream (Owens et al. 2005).
Effective monitoring practices can more efficiently identify areas affected by fine
sediment before it becomes a significant problem (i.e. before the aquatic
community has become degraded). This in turn can help river regulators (e.g.
the Environment Agency) advise land managers to implement mitigation
measures to reduce sediment input to rivers. Thereby, benefitting both river

environments and the wider community.

2.3 Ecological impacts of fine sediment

The ecological impact of fine sediment will be a function of its source, quantity,

timing of delivery and retention (Murphy et al. 2015). Effects of fine sediment on

12



fish are well documented because of their commercial and economic
importance (Wood and Armitage 1997). However, the huge functional diversity
of macroinvertebrates makes their response to environmental stressors
complex and despite being less economically significant than many fish
species, they are important components of aquatic ecosystems.
Macroinvertebrates are important engineers of aquatic environments and can
regulate processes from both top-down and bottom-up controls. Invertebrate
grazers have been shown to control both the biomass and taxonomic
composition of their algal food source (Lamberti and Resh 1983, Hillebrand et
al. 2002, Cibils-Martina et al. 2019). In addition, macroinvertebrates can have
significant impacts on abiotic conditions in river environments such as the
storage and transport of fine sediments (see ‘biota’ box in Figure 2.2) (Albertson
and Allen 2015, Wilkes et al. 2019). Macroinvertebrate behaviours, such as
feeding activities (Pringle et al. 1993, Nunokawa et al. 2008) or burrowing
(Mermillod-Blondin et al. 2003, 2004, Holdich et al. 2014), can exert controls on
fine sediment. Macroinvertebrates also provide a significant food source for
riverine fish species (Vidotto-Magnoni and Carvalho 2009), supporting their
economic value. Aquatic invertebrates with terrestrial adult life stages provide
important subsidies to the riparian zone as a food source for terrestrial
organisms (Paetzold, Schubert, and Tockner 2005). Lastly, aquatic
macroinvertebrates are important biomonitors of ecosystem health which is
critical to the focus of this thesis. Their importance and suitability as biomonitors

will be covered in Section 2.4.2.

Aquatic organisms rely on the supply of fine sediment to provide suitable
habitats and for delivery of particulate and dissolved organic matter (Collins et
al. 2011). Macroinvertebrates have a wide-ranging association with the river
bed including burrowing, hiding or attachment which instils a requirement for
habitat heterogeneity to meet the demands of local populations (Tachet et al.
2010). However, excessive sediment delivery can have serious deleterious
effects on aquatic biota. Macroinvertebrate responses to fine sediment
represent a complex mix of direct and indirect effects (Jones et al. 2012b).

There is a range of literature citing that both deposited and suspended sediment

13



can result in changes to the biotic community. Different components of the
macroinvertebrate assemblage will respond to different aspects of sediment
pollution depending on their relationship with the substrate, feeding behaviours
and other functional traits (Culp, Wrona, and Davies 1986, Angradi 1999, Suren
and Jowett 2001, Larsen and Ormerod 2010). Most components will respond
negatively but some will respond positively (e.g. Oligochaeta; Cover et al. 2008,
Wagenhoff, Townsend, and Matthaei 2012, Davis et al. 2015) and therefore the
relationship is not as simple as an inverse association between sediment
guantity and abundance or richness of taxa. Instead, there is a complex web of
interactions and effects (Figure 2.3). The next Sections (2.3.1 and 2.3.2)
summarise both historical and emerging evidence of macroinvertebrate
responses to fine sediment and the mechanisms through which this can drive

change to the community.

This item has been removed due to third party copyright. The unabridged version of the thesis can be
viewed at the Lanchester library, Coventry University

Figure 2.2 — Potential pathways from source to impact of fine sediment in river
networks (from Wilkes et al. 2019). Factors affecting sediment yield, delivery
pathways, transport, and storage ultimately influence the potential ecological
responses which in turn can create feedback loops and exert upward controls
on sedimentological processes.
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Figure 2.3 — A conceptual model of the mechanisms through which fine
sediment can affect macroinvertebrate community composition. The model has
been broken down into the two main fractions of fine sediment; suspended and
deposited (adapted from Jones et al. 2012b).

2.3.1 Suspended sediment

Increased SSC can create highly turbid water columns. Turbidity can be defined
as ‘a decrease in the transparency of a solution due to the presence of
suspended and some dissolved substances, which causes light to be scattered,
reflected, and attenuated rather than transmitted in straight lines; the higher the
intensity of the scattered or attenuated light, the higher the value of turbidity’
(Ziegler 2002, p1). A higher concentration of suspended sediments within a
river system results in increased light attenuation and decreased depth to which
light can penetrate (Waters 1995). In turbid waters, the compensation depth is
reduced (the level at which photosynthesis equals respiration in plants) (Batiuk
et al. 1992) which constrains photosynthesis to the upper levels of the water

column (Berry et al. 2003). Photosynthesising organisms are the key
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component of primary production and reducing their activity has a cascading
effect on upper trophic levels. Various studies have shown links between
suspended solids, turbidity and primary production (Nieuwenhuyse and
LaPerriere 1986, Klco 2008, Jones et al. 2012b). Reduced rates of
photosynthesis or chlorophyll a concentration (often used as a proxy for
photosynthetic activity) as a result of increased suspended solids have also
been shown in Lloyd (1987), Rivier and Seguier (1985), and Suren and Jowett
(2001). Primary production is the foundation of trophic webs, and any reduction
of this process will reduce the flow of energy to higher trophic levels (Izagirre et
al. 2009, Aspray et al. 2017).

An increase in turbidity can also affect behaviour and activity of organisms that
use visual searching behaviours. There is an observed effect on fish that rely on
visual search strategies during increased turbidity such as the reduction in prey
consumption in striped bass (Morone saxatalis; Breitburg 1988) and a change in
prey selectivity to slower moving species coupled with a reduction in feeding
rate in largemouth bass (Micropterus salmoides; Shoup and Wahl 2009).
However, some fish may benefit from the reduced visual acuity of their prey
species during turbid conditions therefore increasing foraging ability (Gregory
and Northcote 1993). Most research analysing searching behaviour and effects
on visual searching have been carried out on fish species. However, it is
possible that predatory invertebrates that also rely on visual searching
behaviours could be affected, such as adult and larval diving beetles
(Coleoptera: Dytiscidae), adult bugs (Heteroptera: Nepomorpha), and larval

dragonfly and damselfly (Odonata) (Klecka and Boukal 2012).

There is limited evidence of direct physical effects of fine sediment, such as
clogging and abrasion, on macroinvertebrates. Suspended sediments,
particularly clays and the colloidal fraction, can build-up on organs, disrupting
the normal functioning of gills, osmoregulation and feeding apparatus (Jones et
al. 2012b). Experimental evidence has shown organisms with exposed feeding
apparatus spend an increased portion of time and energy cleaning their feeding
apparatus or expelling unwanted ingested particles (pseudofaeces) when

suspended solids concentrations are high (Arruda, Marzolf, and Faulk 1983,
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Maclsaac and Rocha 1995, Iglesias et al. 1996). The frequency of these
behaviours increases with increased patrticle size and sediment load (Runde
and Hellenthal 2000). Although limited evidence exists, it is theorised that
aguatic organisms can be impacted from the abrasive effects of particles, either
saltating or carried in suspension, which could cause dislodgement or damage
to their body parts (Culp, Wrona, and Davies 1986). Exposed non-chitinous
tissue (e.g. gills or feeding apparatus) could be damaged by fast flowing
sediment, particularly the larger fraction that becomes mobilised in heavy storm
flows (Jones et al. 2012b).

The abrasion theory is in part explained by behavioural responses observed
under high sediment concentrations e.g. retraction of feeding apparatus (Kurtak
1978), inhibition of feeding from rapid gut filling (Gaugler and Molloy 1980) and
a switch in feeding modes (e.g. from filtering to grazing; Voelz and Ward 1992).
Evidence such as this is used by some researchers to demonstrate the effects
of abrasion (e.g. Jones et al. 2012b). However, the evidence is potentially
spurious as such behavioural changes could be explained by other
mechanisms. For example, switching feeding modes in high suspended
concentrations could be because, as the number of suspended sediment
particles increases, the relative concentration of particulate organic matter
decreases and therefore filter feeding is not effective and switching to grazing
on periphyton is more efficient. This is still an effect of increased sediment in

suspension, but not a direct result of abrasive forces acting on organisms.

Another consequence of suspended sediment, sometimes attributed to abrasive
forces acting upon stream benthos, is macroinvertebrate drift. Drifting is a
natural dispersal process in aquatic systems and varies spatially and temporally
and with diel patterns (Svendsen, Quinn, and Kolbe 2004). Despite the exact
mechanisms behind diurnal drift remaining unclear, drifting is a common
response to disturbance (Mackay 1992). This sublethal effect has been shown
to affect density, diversity and community structure of invertebrates and effects
of this kind have the potential to cascade throughout the trophic web. Fine
sediment addition can be more influential in eliciting drift responses than other

forms of pollution (e.g. glyphosate herbicide; Magbanua et al. 2016). The term
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‘catastrophic drift’ is used to describe the marked increase in drift (i.e. over and
above that of natural drift patterns) in response to disturbances such as floods
or pollution events over and above that of natural drift patterns (Lauridsen and
Friberg 2005, Gibbins, Vericat, and Batalla 2007). Such ‘catastrophic drift’ of
macroinvertebrates has been demonstrated from experimental additions of fine
sediment (both suspended and deposited) resulting in reductions of benthic
macroinvertebrate density of 30-60% (Culp, Wrona, and Davies 1986, Suren
and Jowett 2001, Larsen and Ormerod 2010). However, drift response has
been shown to be species-specific and will differ depending on an organism’s
relationship to the substrate (Runde and Hellenthal 2000, Suren and Jowett
2001).

2.3.2 Deposited sediment

Studying the effects of deposited sediment is complex because of the potential
influence of compounds associated with sediment such as nutrients, metals,
organic matter, POPs, as well as, the shape, size and volume of sediment
deposited. Together with the longer residence time of sediments deposited on
the river bed compared to the transience of suspended sediments, this results
in a multitude of response mechanisms. Maintaining flow in aquatic
environments is essential for supplying fresh nutrients, replenishing gases and
removing waste. The settling and infiltration of fine sediment by colmation clogs
the spaces between gravels reducing interstitial water flow critical for the
exchange of gas in these pore spaces (Figure 2.4), thereby restricting the
supply of oxygen to benthic organisms and the removal of excreta (Owens et al.
2005). Numerous studies detail the effect of sediment deposition on the
incubation and survival of fish eggs, particularly salmonids because of their
economic significance (Bruton 1985, Greig, Sear, and Carling 2005, Jensen et
al. 2009, Sear et al. 2017). Sediment deposition can affect fish directly by
reducing spawning habitat, smothering eggs, reducing overwintering and
blocking fry emergence, and indirectly by altering invertebrate species
composition, i.e. prey abundance (Sear 1993, Kemp et al. 2011, Relyea,
Minshall, and Danehy 2012). Fine sediment deposition can reduce primary

production by smothering the benthos and directly limiting light penetration to
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primary producers (Vermaat and Bruyne 1993, Aspray et al. 2017). Indirect
effects altering fish population and primary production can result in cascading

effects on macroinvertebrate communities.

Figure 2.4 — An image of a section of the River Colne (Essex) with a high
quantity of deposited sediment which has infilled and smothered the underlying
gravel bed (a) and River Misbourne (Buckinghamshire) channel with clean
visible gravel bed and low overlying fine sediment (b). Both rivers are typical
lowland rivers. Flow direction left to right in both images.

Sediment deposition can directly affect macroinvertebrates through burial. The
extent of this effect will depend on the species, sediment size and burial depth
(Dobson, Poynter, and Cariss 2000, Wood, Vann, and Wanless 2001, Wood et
al. 2005). The ability of individuals to excavate themselves from sediment burial
can provide an indication of their sensitivity to fine sediment. Most recently,
Conroy et al. (2018) ranked factors affecting species responses to burial as:
burial depth > sediment size class > species source (i.e. upland or lowland). No
effect of body size on species response could be detected. This is in contrast to
previous evidence which established body size as an important factor in

determining sensitivity to fine sediment (Gayraud and Philippe 2001,
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Wagenhoff, Townsend, and Matthaei 2012, Descloux, Datry, and Usseglio-
Polatera 2014). It is important to recognise that each respective burial
experiment utilised different test species and experimental conditions,
potentially inhibiting the use of generalisations on the effects of sediment by

burial. Full descriptions of each study can be found in Table 2.2.

While organic matter in natural systems is vital as a food source to benthic
organisms, disturbance to this critical input can alter the trophic system. An
increase in organic matter can increase metabolic rates at the ecosystem level,
particularly through bacteria decomposing the organic material, which increases
the requirement for oxygen (biological oxygen demand) (Bjornn and Reiser
1991). The response of macroinvertebrates to reduced oxygen environments
has been well studied. Most research around increased organic matter and
subsequent decreased oxygen in aquatic systems has mostly been focussed on
sewage effluent. Murphy et al. (2015) indicate that taxa are unlikely to be able
to distinguish between the various sources of organic matter that cause reduced
oxygen stress. Thus, at least some of the impacts of fine sediment could be
similar to those of organic pollution. Flocculation of organic matter facilitates the
settling and storage of particles on the stream bed (Burban et al. 1990). These
deposited particles can cause ‘capping or blocking’ of intra-gravel flow which
exacerbates the effect of smothering from inorganic particles and reduced
oxygen from organic particles (Owens et al. 2005). Therefore, organisms with a
tolerance for low oxygen environments, such as the families Asellidae,
Vivparidae and Sialidae (Surber and Bessy 1974, Jones et al. 2009), may tend
to dominate in areas affected by sediment deposition (Hinchey et al. 2006).
Furthermore, organic matter content was found to be the primary gradient of
sediment pollution effecting invertebrate community structure in a large-scale
field study (Murphy et al. 2015).
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Table 2.2 — Summary of burial experiments from existing literature. Upland/lowland distinction is based on the boundaries described

in Conroy et al. (2018).
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Gravel river beds can act as a short-term storage for sediments on the bed
surface (Rosenberry and Healy 2012) or provide long-term storage within the
gravel matrix (Thoms 1994, Heppell et al. 2009). The transport of sediment
associated contaminants and POPs into river systems was described in Section
2.2. The presence of these substances can persist in the gravel bed matrix for
long periods or become bioavailable to stream organisms (Eljarrat et al. 2004).
Metabolism of POPs is slow and their transfer through food chains has been
well studied (e.g. Yi et al. 2008). The effects of sediment associated
contaminants crosses a disciplinary boundary in to the field of ecotoxicology.
Despite the importance of these contaminants when considering the impacts of

fine sediment in river systems, their effects are beyond the scope of this thesis.

Considering rivers as dynamic systems, single stressors rarely occur in
isolation. Acknowledging the direct link between agriculture and fine sediment
iInputs to river systems (see Section 2.2), fine sediment stress can regularly be
coupled with substances derived from fertilisers or herbicides and pesticides.
Several studies have examined the impacts of fine sediment in a multi-stressor
environment using mesocosms and full factorial experimental designs. Studies
by Davis et al. (2018, 2019) showed that the effects of nitrogen and
phosphorous were relatively weak compared to fine sediment addition and that
the community could not recover while sediment was still present at elevated
levels. Magbanua et al. (2016) showed fine sediment to have greater impacts
on eliciting macroinvertebrate drift and adult emergence than a glyphosate-
based herbicide. The implications of these studies point towards fine sediment
as the ‘master stressor’ of macroinvertebrates in river systems and priority
should be given to managing, and understanding the effects of, sediment inputs
(Davis et al. 2019).

2.4 Monitoring fine sediment

The environmental impacts of fine sediment are pervasive. It is important that
environmental managers employ effective monitoring practices to efficiently

identify areas effected by fine sediment. This section will outline methods of
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monitoring fine sediment including traditional physical methods which aim to
directly quantify the mass or concentration of fine sediment, the benefits of
biomonitoring approaches and the global development of fine sediment-specific
monitoring approaches. This section will partly illustrate the historic use of
physical methods and basic biomonitoring approaches up to the current

academic literature using biotic indices and emerging trait-based approaches.
2.4.1 Physical methods

Traditionally, a multitude of physical methods have been employed to quantify
suspended or deposited fine sediment in river systems. These methods span a
large gradient of cost, time, effort and complexity. Furthermore, different
techniques will measure slightly different components of fine sediment (e.g.
deposition rate, organic content, turbidity etc.) which makes comparisons
between methods challenging. This section will discuss some of the most
common physical methods of measuring suspended and deposited sediment.

2.4.1.1 Suspended sediment

Suspended sediment is typically measured as a concentration per volume of
water (e.g. mg I'Y). A known volume of water is sampled from a river, filtered,
dried and the contents weighed to approximate an SSC (UK Standing
Committee of Analysts 1980, Gray et al. 2000). This process is time consuming,
can be expensive if a large number of samples are required and necessitates
off-site sample processing using laboratory facilities (Bilotta and Brazier 2008).
The light scattering properties of water, measured using turbidity, is often used
as a surrogate for SSC (i.e. the higher the turbidity value, the higher the SSC).
Turbidity can be easily and cheaply measured in lentic systems using a Secchi
disk. The Secchi depth is the depth, when lowered into the water column, at
which the disk is no longer visible. The light attenuation coefficient of
Photosynthetically Active Radiation (PAR), an ecologically relevant metric, can
then be extracted from the Secchi disk depth value (Padial and Thomaz 2008).
This is a quick and low-cost method but will also have high operator variability
and disturbances to the water surface when operating the Secchi disk make it

unsuitable for lotic systems (Larson and Buktenica 1998). Suspended sediment,
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and hence turbidity, are characterised by high levels of variability linked to
hydraulic conditions. These instantaneous methods only measure SSC or
turbidity at a single time point, thus failing to capture variations in SSC over

time.

Time integrated turbidity loggers are an improvement on the issues associated
with taking physical samples to quantify SSC directly. Turbidity loggers use
properties of optical light scattering to determine turbidity measurements
expressed as Nephelometric Turbidity Units (NTU) (Lewis 1996). However, they
do not directly represent SSCs. The readings can be skewed by scattering of
other particles including algae, plankton, organic matter, microbes, air bubbles
and other fine insoluble particles and flocculated particles. This can lead to
underestimates of absolute SSCs unless a site-specific calibration can be
obtained (Lawler et al. 2006). Furthermore, variation in sensor type can result in
up to five-fold differences in measured turbidity levels (Rymszewicz et al. 2017).
Acoustic Doppler Meters measuring backscatter can also be used to measure
SSC integrated over time and space which can provide more information than
turbidity meters or probes, but still require complex calibrations and will also be

affected by over/underestimates of readings.

Despite the inaccuracies of suspended sediment measurements, some
international guidelines have been developed setting SSC targets as the
required standard. A thorough search of the literature yielded only three
international directives which have incorporated this measure into
environmental policies (Table 2.3). This limited application could be reflective of
the inaccuracies of applying blanket guidelines of SSC which is prone to fluxes
heavily dependent on flow dynamics. The Canadian Environmental Quality
Guidelines (CEQC) attempts to assuage this by defining separate guidelines at
high and low flows. The European Union Freshwater Fish Directive
(78/659/EEC) (2006/44/EC) which previously stated a guideline standard of <25
mg It annual average concentration (except in exceptional circumstances such
as storms or droughts) was repealed in 2009 when it was replaced by the
European Water Framework Directive (WFD) (2000/60/EC) (2008/105/EC). The

WED does not contain SSC standards. The Australian and New Zealand
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Guidelines for Fresh and Marine Water Quality (ANZECC 2000) set turbidity
standards for different water body types in Australia (individually by State) and
New Zealand. Arguably more unreliable than SSC, the uncertainties of using
turbidity as a proxy have already been covered in this section. The application
of meaningful sediment targets continues to draw scientific debate (Collins et al.
2011) and recommendations for the development of any future guidelines focus

on the implementation of a holistic approach such as the inclusion of catchment

drivers, sediment regimes and channel morphology, coupled with ecologically

relevant responses (Bilotta and Brazier 2008, Collins et al. 2011).

Table 2.3 — International guidelines for SSC (based on Table 4 from Bilotta and

Brazier 2008).

Directive/Regulation | Region/ | Standard
Country
Freshwater Fish European | <25 mg It annual average concentration
Directive (78/659/EEC) | Union apart from exceptional conditions (e.g.
& (2004/44/EC) floods and droughts)
[DIRECTIVE HAS
BEEN REPEALED]
Canadian Canada | At low flow (above background):
Environmental Quality e <25mg It (<24 hrs exposure)
Guidelines (CEQC) for e <5mg I (1-30 days exposure)
Protectionof At high flow (above background):
F_reshwater Aquatic e <25 mg It (when background 25-
Life (CCME 1999) 250 mg I)
e <10% of background
concentration (when background
>250 mg I')
US EPA (2007); US USA Suspended and settleable solids should
Clean Water Act not reduce the depth of the
(1972) compensation point (see Section 2.3.1
for definition) for the photosynthetic
activity by >10% from the seasonally
established norm for aquatic life. Total
maximum daily loads (TMDLS) to be
defined on a state-by-state basis.
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2.4.1.2 Deposited sediment

Deposited sediment is normally measured as a volume or mass of sediment per
unit area (or per unit volume for infiltration), depending on the method used, can
be quantified over a unit of time (i.e. deposition rate). Taking grab samples or
sediment cores from river beds can be a relatively simple and basic method of
obtaining a fine sediment mass per unit area. However, both of these methods
present problems with disturbance during mechanical removal which can lead
to loss of the finest fractions during extraction (Thoms 1992), and are often only
suitable for exposed drained channel bars (Carling and Reader 1981). The
coring method has been improved by freezing the bed in situ by injecting liquid
nitrogen or CO2thus freezing the adjacent hyporheic water and gravel matrix
(e.g. Descloux et al. 2010). Freeze-coring has been shown to be a more
accurate technigue as grab-sampling can underestimate the fine sediment
proportion by mass (Thoms 1992, Milan et al. 1999). However, bed fabrics can
become disrupted when the coring probe is driven into the sediment and it is
also a relatively destructive method not suitable for extensive or frequent

surveys (Kondolf, Lisle, and Wolman 2003).

Measuring both surface and infiltrated sediment instantaneously can be done
via the disturbance method. This method, also called the resuspension method,
was first described by Lambert and Walling (1988) and later developed by
Collins and Walling (2007a, 2007b) then Duerdoth et al. (2015). The method
uses an open-ended hollow cylinder of known diameter pushed within the
gravel bed to achieve an adequate seal from the surrounding flow. Once a seal
is achieved, the overlying water is vigorously agitated manually without touching
the river bed in order to bring unconsolidated surface sediment into suspension
and the overlaying water is sampled to determine the concentration and mass
released (i.e. total surface sediment). The process is then repeated including
agitation of the top 100 mm of the gravel bed to raise interstitial fine sediment
into suspension thus measuring both the surface drape and the infiltrated
(subsurface) sediments combined (i.e. the total sediment). The water samples
taken from both the surface and subsurface agitation can then be recovered

from suspension in the laboratory allowing for further analysis (e.g. particle size,
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sediment-associated nutrients and contaminants). Recently assessed for its
accuracy, this method showed low variance associated with operator or other
within-site differences (Duerdoth et al. 2015, Conroy et al. 2016b).

Coring, freeze-sampling or the disturbance methodologies do not allow
guantification of the rate of deposition. This can be achieved using sediment
traps which lie in situ in the gravel bed. When the traps are installed, they are
filled with clean gravel (gravel larger than 2 mm) so after removal, the trap
contents can be sieved and the quantity of particles <2 mm represent the
accumulation rate of fine sediment over the installation period. There are
numerous methods of sediment trap design which usually vary in their ability of
sediment to ingress vertically or horizontally into the trap. Several studies have
demonstrated that horizontal (lateral) sediment transport can account for a
considerable proportion of total sediment transport (e.g. Carling 1984; Sear
1993; Mathers and Wood 2016). Harper et al. (2017) discusses the complexities
of measuring fine sediment using bed trap methods, how the use of clean
gravel is contrived and suggests that the results must always be interpreted with

care.

Quantifying the surface drape (the overlying sediment in the upper layer of the
gravel bed) of fine sediment requires an assessment of the entire reach due to
natural variation in sediment storage across mesohabitats (Sear 1996). Visual
estimates, described in the River Habitat Survey Field Survey Guidance Manual
(Environment Agency 2003) involve the operator estimating the percentage
substratum composition over a given reach of the river. Substrates are recorded
using seven size categories (Table 2.4). The percentages of sand, silt and clay
are then combined to provide an estimate of fine sediments. However, visual
estimates can be subjective with up to 40% of between user variability
(Duerdoth et al. 2015). It must also be considered that this method, which only
allows guantification of the surface drape and not the extent of sediment
retention within the interstitial spaces, may not be the most accurate method
when quantifying fine sediment (Duerdoth et al. 2015). However, several
studies have supported the accuracies of the visual estimate method. Both
Zweig and Rabeni (2001) and Glendell et al. (2014) found that the measure of
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embeddedness and visual estimates were highly correlated with one another,
implying that visual estimates are consistent with embeddedness below the
surface drape. Conversely, Bunte and Abt (2001) suggest that visual fines could
be an underestimate of subsurface sediment due to vertical stratification of
sediments resulting in finer sediments in the subsurface than the surface.
Several studies have found that the total percentage of fines from visual
estimates explained the most variation in macroinvertebrate assemblage
(Sutherland, Culp, and Benoy 2012, Glendell et al. 2014, Conroy et al. 2016a).

Table 2.4 — Sediment size categories and simple field descriptions for visual
estimates of fine sediment (adapted from Environment Agency 2003; Shuker et
al. 2017).

Category Size Field description

Bedrock Exposed (solid) bedrock

Boulder >256 mm Larger than head size

Cobble 64 — 256 mm Half-fist to head size

Gravel- 2 —-64 mm Particles clearly visible to the naked eye from

Pebble several metres

Sand 0.0625 - 2 mm | Loose and crumbly material, visible to the

naked eye from 1 m

Silt 0.00195 — Loose, crumble material but individual
0.0625 mm particles difficult to see with the naked eye

Clay <0.00195 mm | Sticky, cohesive material

As visual estimates only accurately quantify surface drape (compared to
subsurface ingress of fine sediments) this could provide an indication of the
fraction of fine sediment pollution that is most likely to affect the
macroinvertebrate community. Several efforts have been made to improve the
accuracy of visual assessment methods. Clapcott et al. (2011) developed a
protocol using a bathyscope (underwater viewer) to reduce subjectivity when

taking in-stream visual estimates. This involves the operator estimating the %
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fine sediment within the gridded area of the streambed observed through the
bathsyscope lens. The protocol recommends the process is carried out at four
random locations across five random transects. Clapcott et al. (2011)
recognises that this method is difficult to use in fast, shallow flows as the
bathyscope can cause turbulence, entraining fine sediment. Turley et al. (2017)
developed a method using digital image analysis of photographs taken of the
river bed (at a known depth) to calculate the percentage of sediment coverage.
This method helps to reduce operator bias when making estimates of surface

sediment cover.

In summary, whilst physical methods of measuring fine sediment coverage of
the river bed or storage within the substrate are important, they can be time
consuming, destructive, prone to errors and often only representative of a single
point in time. Furthermore, these methods do not take into account the
ecological impacts of fine sediment (Turley et al. 2015, Murphy et al. 2015). The
next section will discuss the use of macroinvertebrates as biomonitors of stream
health and the benefits of these methods over traditional, direct physical

measurements.
2.4.2 Macroinvertebrates as biomonitors

The theory of evolution by natural selection (Darwin 1859) is critically linked to
the interaction between the characteristics of the individual and its environment
(Begon, Townsend, and Harper 2006). Adaptation is inherently connected with
the concept of ecological fithess which is a ‘measure of competitive success,
the tendency of an organism to increase the representation of its genes in
successive generations’ (Peacock 2011, p100). Fundamental drivers at the
genetic level have shaped and moulded organismal communities with diverse
physical, phenological, biological and ecological diversities. Although driven by
the environment, communities of organisms will also contain species which are
distinct or specialised as no habitat is entirely homogenous (Begon, Townsend,
and Harper 2006). Niche differences between species (interspecific), as
opposed to within species (intraspecific), results in a gradient of responses

within a community to disturbance events, i.e. ‘response diversity’ (ElImqvist et
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al. 2003). This has provided scientists with the ability to predict ecosystem
health using local biotic assemblage as opposed to taking direct measurements
of the abiotic environment, such as pH, nutrients or chemicals (e.g. herbicides).
This section applies the fundamental principles of ecological theory to describe
how evolution and adaptation underpins the use of organisms as a proxy to
monitor environmental quality and why aquatic macroinvertebrates are uniquely

suited to this role (Johnson, Wiederholm, and Rosenberg 1993).

Understanding specialism and diversity is important in quantifying organismal
response. At the most basic level, this can begin with the physical environment
in which an organism lives, i.e. the habitat. Although commonly used
interchangeably with ‘habitat’, Grinnell (1917) was the first to use the term
‘niche’ which was later defined by Elton (1933) as ‘how’ and not ‘where’ an
organism lived. This was further developed and today the most widely used
definition of a niche is given by Hutchinson (1957) as the total range of
environmental conditions under which a species can exist. Referred to as the
Hutchinsonian niche, this ‘space’ can be defined as an n-dimensional
hypervolume (Stevenson 1982). The Grinellian definition of ‘niche’ refers to an
organism’s tolerances and preferences rather than the actual physical
environment in which it lives (Whittaker, Levin, and Root 1973). However,
community ecology is considerably more complex than this definition and
multifarious interactions within communities, such as predation, competition and
facilitation, can constrain organismal succession. Hutchinson (1957) expanded
this definition further; an organism has a larger ecological niche in the absence
of competitors and predators. Thus, Hutchinson’s concept recognises the
fundamental niche (the overall potentialities of a species) and the realised niche
(the more limited spectrum of conditions and resources that allow it to persist,
even in the presence of competitors and predators). It is important to distinguish
between habitat and niche when describing interactions within communities
because no two species in a stable community with limited resources can share
the same niche (Whittaker, Levin, and Root 1973, Wiley 1978). There is
evidence that in lotic systems, abiotic factors are more important than biotic
factors in regulating community structure (Ledger and Hildrew 2000). Therefore,
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interactions in ecological communities can rarely be understood until the

community is studied as a whole rather than at individual species level.

There is no single method that can be used to quantify the effects of pollution
on an organism. A suite of techniques is used depending on the stressor such
that it has stimulated an entire subfield of work known as ecotoxicology. The
most basic method would be quantifying mortality in the field after a known
pollution event has occurred (e.g. mass salmon deaths from acid pulses after
spring snow melts; Hesthagen 1989). Often for regulatory purposes, laboratory
experiments seek to quantify the lethal concentration (LCso) or effective
concentration (ECso) that will kill half the sample population during a given
amount of time (Trevan 1927). This method has been used historically to
determine the toxicity of drugs, pesticides and other chemicals. However, not all
pollution events result in immediate mortality, at least not of the entire
ecosystem, but still have significant effects on the health of the ecological
community. Early detection of pollution is critical for management practices and
methods of detecting non-lethal levels must be employed by integrating the

response of the aquatic community e.g. biomonitoring.

Freshwater biomonitoring is the ‘science of inferring the ecological condition of
rivers, lakes, streams and wetlands by examining the organisms that live there’
(Claro, Oliveira, and Rico-Gray 2009, p63). Instead of measuring environmental
variables directly, organisms are used as a proxy. Biomonitoring is generally
used as a catch all term but can be broken down into two different applications;
bioindicators and biotic indices. The term bioindicator is applied to individual
organisms that are used to quantify the pollutant levels across various spatial or
temporal gradients. Physiological changes (sublethal response) in response to
a contaminant can be used for quantification. For example, the presence of
imposex in Nucella lapillus can be used as a bioindication of tributyltin pollution
(Bigatti et al. 2009) or analysis of tissue samples to provide an indication of
bioavailability of heavy metals in an ambient habitat (e.g. heavy metals;
Rainbow 1995).
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A community wide approach of biomonitoring involves the use of biotic indices.
An index system works by assigning each taxon a score based on their
sensitivity/tolerance to a particular pressure. The sensitivity scores can either be
derived from expert knowledge, through a multivariate approach, or a
combination of both (Birk et al. 2012). The habitat is manually surveyed and the
scores of each taxon present will relate to a scale of ecosystem health. The
principle behind this method is that different organisms will have different
tolerances to pollutants. The main advantage of this type of monitoring is that
the community reflects transient events that could be missed by direct
environmental monitoring to provide an integrated view of the ecosystem as a
whole (Rosenberg and Resh 1993, Bonada et al. 2006, WFD-UKTAG 2014).

Many biotic indices have been developed for use in aquatic environments.
Aquatic macroinvertebrates are one of the most diverse taxonomic groups on
earth, particularly because they are almost ubiquitous in freshwater
environments (Rosenberg and Resh 1993). Macroinvertebrates also integrate
the conditions over time during their life cycle. Lower trophic levels such as
algae and phytoplankton have a rapid turnover time that may not reflect longer
temporal scales of environmental health conditions and rapid identification is not
possible (Resh 2008). Higher trophic level organisms, such as fish, are longer-
lived and their response time to non-point source pollution may be too long for
monitoring purposes. Furthermore, fish and other vertebrates are highly mobile,
or even migratory, So may not be representative of the study area (Relyea,
Minshall, and Danehy 2012). In addition to this, macroinvertebrate’s diversity,
abundance and prevalence in aquatic systems worldwide and relative easiness
to identify (at least to family level) have led to their wide use as indicators of
ecological health in monitoring practices (Bonada et al. 2006). For this reason,
macroinvertebrates have been used in biomonitoring for over a century since
the development of the Saprobian system in 1902 (Kolkowitz and Marsson
1902, 1908, 1909).

Diversity indices can provide an indication of ecosystem functioning as there is
a general perception that diversity increases with ecosystem health. Two

common biodiversity indices are the Shannon Index (Shannon 1948) and
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Simpson’s diversity (Simpson 1949). These indices provide more information
than species richness or abundances alone. Simpson’s index relates the
number of each species relative to the total number of species at a site.
However, this method is heavily weighted to the most abundant species, though
is less sensitive to species richness. The Shannon Index is similar but uses log
abundances and assumes that individuals are randomly sampled from an
independently larger population. These indices do not work on the basis of
tolerance/sensitivity and, as diversity does not always relate to ecosystem
health, they are criticised for their use in pollution monitoring studies due to their

lack of mechanistic bases.

The most well-developed biotic index in the UK is the Walley Hawkes Paisley
Trigg index (WHPT) which is a development of the Biological Monitoring
Working Party (BWMP) score (Biological Monitoring Working Party 1978).
BMWP used expert knowledge to assign taxa with a sensitivity rating to organic
pollution between 1 — 10. Organisms with low scores are more tolerant (e.g. 1 =
oligochaetes) and organisms with higher scores are more sensitive (e.g. 10 =
mayflies and stoneflies). The BMWP score was initially criticised due to
misallocation of sensitivity ratings and the potential for error in developing
indices based on subjectively derived scores (Walley and Hawkes 1996,
Paisley, Trigg, and Walley 2014). The index was later improved through large-
scale statistical optimisation analysis from abundance data and became the
WHPT score which is widely used today, notably in WFD classifications (Walley
and Hawkes 1996, 1997, Paisley, Trigg, and Walley 2014). The WHPT index
incorporates taxon abundances by adjusting the sensitivity scores for each
taxon depending on their log abundance category. Unlike BMWP, WHPT
incorporates an abundance measure (log abundance). Using the log
abundance, as opposed to the absolute abundance, reflects the semi-
guantitative nature of the biological sampling method and the potential errors
introduced during sorting and identification. The WHPT score for a given site is
the sum of all taxon sensitivity scores. However, as this sum is affected by the
number of taxa in a sample (WHPT NTAXA), meaning that a more diverse site
can have an artificially inflated score, the Average Score Per Taxon (WHPT
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ASPT) is then derived. Notably, WHPT only allocates sensitivity at a family
level. There can be large differences in sensitivity between species within the
same family, as shown in Chironomidae by Zweig and Rabeni (2001). However,
the authors also note that species level identification provides limited additional
information for the effort required to identify to this resolution, family level is
therefore most appropriate. Regardless, the WHPT and related indices are
widely used and have been adopted internationally e.g. the BMWP Thailand
(Mustow 2002) and the IBMWP Spain (Munné and Prat 2009).

Aquatic ecosystems, especially rivers, are highly dynamic systems strongly
influenced by the climate and catchment land-use. This presents challenges
when interpreting whether the site-specific conditions are a result of natural
variation in water and habitat quality across catchments, or from habitat
degradation. The River Invertebrate Prediction and Classification System
(RIVPACS) (Wright, Furse, and Moss 1998) seeks to classify river
environments based on their characteristics relative to a reference condition
(i.e. unaffected by anthropogenic impacts). In order to calculate expected
scores, the following environmental variables are entered into the River
Invertebrate Classification Tool (RICT): grid reference, altitude, slope, distance
from source, discharge category, stream width, stream depth, alkalinity, and
substratum characteristics (as percentages of each substrate category — see
Table 2.4) (Davy-Bowker et al. 2008). RICT is the interface for RIVPACS which,
if ecological data (i.e. taxa abundances) are also provided, can assign an
Ecological Quality Ratio (EQR) score which is a ratio of the observed over
expected index values (Figure 2.5). Lower EQRs are indicative of sites failing to
meet predictions i.e. highly degraded environments. This system has been
adopted by water regulation authorities in the UK and the EQRs are used for
classification in line with WFD compliance. In the case of WHPT, the lowest
score, i.e. the minimum of the NTAXA and ASPT, known as the ‘MINTA’, is
used for WFD classification (Clarke and Davy-Bowker 2014).
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This item has been removed due to third party copyright. The unabridged
version of the thesis can be viewed at the Lanchester library, Coventry
University

Figure 2.5 — Ecological Quality Ratios and water quality status categories used
in Water Framework Directive Classification (from Murray-Bligh 2015).

Pressure-specific indices are those which are optimised using community
response to a single stressor. Given the continued degradation of natural
environments, these indices can be useful to disentangle the responses in
environments which are exposed to multiple-stressors (Berger et al. 2018).
Some examples of pressure-specific indices include; the Acid Waters Indicator
Community index (AWIC) (Davy-Bowker et al. 2005), the Lotic Index Flow
Evaluation (LIFE) (Extence, Balbi, and Chadd 1999) and the SPEcies At Risk
index for pesticides (SPEAR) (Liess et al. 2008). Over the last two decades,
numerous fine sediment-specific indices have been developed globally (in

chronological order of development):

¢ the Fine Deposited Sediment Biotic Index (DBSI; Zweig and Rabeni
2001)

e the Fine Sediment Biotic Index (FSBI; Relyea, Minshall and Danehy
2012)

e the Combined Fine Sediment Index (CoFSI; Murphy et al. 2015) which
collectively represents the organic fine sediment index (oFSI) and the
total fine sediment index (ToFSI)

e the PSI group (covered in more detail in Chapter 5);
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o The Proportion of Sediment-sensitive Invertebrates (PSI; Extence
et al. 2013)
o Empirical Proportion of Sediment-sensitive Invertebrates (EPSI) at
species and family level (Turley et al. 2015, 2016)
e the Biological Sediment Tolerance Index (BSTI; Hubler et al. 2016)
e the Multimetric Index (MMI; Doretto et al. 2018)
e the Deposited Fine Sediment Index (DFSI; Gieswein, Hering, and Lorenz
2019)

Historically, most biotic indices have been based on taxonomic approaches
which relate species assemblages to environmental conditions. However, the
use of functional traits is an emerging concept in ecology. Functional traits are
assigned based on the physiological, morphological, ecological and life-history
features of an organism (Verberk, van Noordwijk, and Hildrew 2013). Applying
functional traits in biomonitoring is based on the theory that traits are filtered
according to the prevailing abiotic and biotic conditions (Statzner, Dolédec, and
Hugueny 2004). For example, macroinvertebrates (e.g. some Coleoptera)
whose eggs can persist in diapause during the dry phase in ephemeral or
temporary streams will persist when the sediment is rewetted (Stubbington and
Datry 2013). These species can then recolonise quicker than some other taxa
whose eggs may not survive desiccation and rely on aerial dispersal.
Anthropogenic disturbances (e.g. excessive fine sediment delivery) act as
further trait filters which can shape the expected trait composition of
macroinvertebrate assemblages according to traits conferring tolerance to the
disturbance (Floury et al. 2017). Trait-based approaches have several
advantages over traditional approaches. For example, trait-based approaches
can transcend boundaries in taxonomic distributions between regions
(Lancaster, Downes, and Glaister 2009), they can avoid over emphasis (or
under emphasis) of abundant species (Townsend and Hildrew 1994, Verberk,
van Noordwijk, and Hildrew 2013), and they can provide a greater mechanistic
understanding of the interactions between the environment and ecological

community (Doretto et al. 2018).
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Many studies have incorporated individual trait responses into quantitative
assessments of the effects of fine sediment (e.g. (Rabeni, Doisy, and Zweig
2005, Larsen, Pace, and Ormerod 2011, Descloux, Datry, and Usseglio-
Polatera 2014, Mathers, Rice, and Wood 2017). The results are sometimes
mixed and there is little evidence of unambiguous individual trait responses to
fine sediment. Trait-environment relationships can be complex, nonlinear or
even characterised by a stress-subsidy response where ‘at low stressor levels
an ecological variable responds positively until an inflection point beyond which
the effect is negative’ (Wagenhoff et al. 2012, pii). Consistently strong
relationships between individual traits and the environment are rare (Statzner
and Béche 2010) and therefore functional diversity (FD) is often incorporated as
an indicator of ecosystem health (Gagic et al. 2015, Schmera et al. 2017). FD is
defined as the ‘trait variation or multivariate trait differences within a community’
(Cadotte, Albert, and Walker 2013, p1080). Buendia et al. (2013) found FD
(measured as Rao’s quadratic entropy) was sensitive to sediment accumulation.
The sediment-specific index PSI was developed using expert knowledge to
assign a sensitivity category to each taxon. Therefore, in theory this mechanistic
approach should closely link PSI (and therefore EPSI which is an optimisation
of PSI) with macroinvertebrate traits. However, there are inconsistences
between species scores under this index (and several other indices) and the
functional traits possessed by corresponding taxa (Wilkes et al. 2017).
Considering these complexities, the utility of trait-based biomonitoring remains

unclear.

There have been steps towards directly incorporating trait-based approaches
into fine sediment-specific biomonitoring. Murphy et al. (2017) used RLQ
analysis to link taxonomic, trait and environmental data and found a limited set
of traits through which there was an ambiguous response to fine sediment
suggesting potential for incorporation into biomonitoring approaches. Doretto et
al. (2018) attempted to develop a biomonitoring tool incorporating some trait-
based components. Nevertheless, ‘species traits have the potential to
disentangle long-term effects of multiple, potentially confounded drivers in
ecosystems’ (Floury et al. 2017, p2297). Given the need for effective
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management of fine sediment (Mathers et al. 2017), understanding the
mechanistic basis for the interactions between the macroinvertebrate
assemblage and fine sediment will help to improve these biomonitoring
practices.

2.5 Conclusion

Excess fine sediment delivery to rivers is a global issue that needs to be tackled
by river managers and international research (Mathers et al. 2017). Considering
the WFD commitment for every water body to achieve ‘good’ ecological status
by 2027, there is an urgent requirement for targeted monitoring to determine
where management methods are required to reduce the delivery of excess fine
sediment to aquatic environments (European Community 2000). There is a
wealth of evidence quantifying the responses of macroinvertebrates to fine
sediment. However, there is conflicting evidence for both taxonomic and
functional responses. Thus far, there have been no reviews which are
systematic in their nature. A systematic review using a weight-of-evidence
approach would help disentangle existing relationships and those which are
potentially spurious (Chapter 3). An example of an ambiguous response is the
abrasive effects of fine sediments. Further studies are required, i.e. with the use
of controlled flume environments and a scanning electron microscope (SEM)
following exposure to determine whether soft tissues have been damaged as at
present this is just an assumption (Chapter 4). The last decade has seen
progress in biomonitoring of fine sediment by either applying basic metrics of
community assessment (e.g. abundance and richness), diversity indices,
functional trait-based assessments, or by applying biotic indices for general
ecosystem health (e.g. WHPT). Several fine sediment-specific biomonitoring
indices have been developed for use in the UK. They aim to target the impacts
of fine sediment on aquatic communities. However, these indices have been
shown to be potentially lacking in their mechanistic links and have yet to be

independently tested (Chapter 5).
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Chapter 3 — Fine sediment impacts on aquatic
macroinvertebrates: The current state of

knowledge

Chapter overview

There have been several narrative literature reviews to date, describing the
responses of aquatic organisms to fine sediment. Considering
macroinvertebrates significance in biomonitoring practices, and the emergence
of sediment-specific biomonitoring tools, the aim of this review was to extract
evidence of macroinvertebrate responses to both suspended and deposited fine
sediment. Through following a review method adapted from Systematic Maps
and Rapid Evidence Assessment, this chapter aims to review the existing
literature, quantify the breadth of evidence, analyse the types of responses
described, and appraise this through assessment of each selected paper by
weighting based on the study design. A total of 8832 articles were extracted
from peer-reviewed databases. After the screening process, 131 articles were
retained for evidence-based assessment. Using a weight of evidence approach,
Chi-squared analysis was used to determine associations between
macroinvertebrate responses. Linear modelling was used to determine
significant predictors of evidence quality. Results showed a global imbalance of
evidence with most research conducted in temperate regions. The majority of
evidence was related to articles quantifying deposited, as opposed to
suspended sediment. The weight of evidence showed that burrowing organisms
were more likely to have a positive response to fine sediment, whereas
shredders were more likely to respond negatively. The chapter concludes by
making recommendations for future research, highlighting a need to focus on
the production of high-quality research with robust study designs focussing on

the mechanisms driving macroinvertebrate responses.
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This review was conducted with the guidance of Angus Webb (University of
Melbourne), co-author of the EcoEvidence review method (Webb et al. 2011). A
secondment by M. Mckenzie to the University of Melbourne in April 2016 was
funded by the KEEPFISH project (a Horizon2020 Marie Curie RISE project) in

order to learn this method of evidence assessment for use in this chapter.

3.1 Introduction

3.1.1 Methods in evidence review

Synthesising evidence is a key part of the interpretation of existing and
emerging information within science. There are numerous ways to review and
synthesise scientific evidence. These methods range from traditional narrative
literature reviews, which aim to qualitatively describe existing evidence, to
Systematic Reviews (SR) which follow a methodical approach and carry out
critical appraisals. There is a sliding scale of increased rigour, transparency,
time and effort between these two types of review (Figure 3.1) and the different

methods which fall between these two ends of this spectrum.

This item has been removed due to third party copyright. The
unabridged version of the thesis can be viewed at the Lanchester
library, Coventry University

Figure 3.1 — Evidence review types (from Collins et al. 2015).
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Traditional literature reviews are useful tools for synthesising the evidence on a
particular subject or theme. However, they can be subjective, lack transparency
and repeatability. When searching for evidence, they can introduce publication
bias by selecting only highly cited papers or those from a limited group of
researchers or journals (Mgller and Jennions 2001). Additionally, when
synthesising evidence in this way, equal weighting is applied to all studies
regardless of their scientific rigour, study design or sample size. This is known
as ‘vote-counting’ (Haddaway et al. 2015). Collectively, these biases can
influence the reliability of any conclusions made. Implementing transparency
and repeatability through a standardised methodology can help to address this
problem (Collaboration for Environmental Evidence 2018). Vote-counting can
be overcome by applying a ‘weight of evidence’ approach. This method
assesses the quality of the evidence based on its study design (e.g. replication
of factorial design), with higher quality studies providing a greater score or

weight in the overall review (Nichols et al. 2011).

Reviews which follow a systematic process aim to reduce biases by following
methods which set out the search strategy, evidence recording and assessment
(if appropriate). Full SRs represent the most comprehensive form of evidence
review. These follow a strict protocol, often governed by expert groups in SRs.
For example, The Collaboration for Environmental Evidence, The Evidence for
Policy and Practice Information Centre, and The Campbell Collaboration
produce guidelines and standards for conducting reviews. The outline of the
review, called the review protocol, is peer assessed and the resulting outputs
subject to regular updates and monitoring. SRs are labour intensive projects
which are exhaustive in their literature search and assessment, and often
require input from wide-ranging expertise (Cooke et al. 2017). The prescriptive
nature of SRs can be prohibitive and cumbersome which has resulted in a suite

of other methods being developed.

Rapid Evidence Assessments (REA) are an emerging method which aim to
encompass the rigour and obijectivity of a full SR at a fraction of the time and
cost. These methods are now being applied to review evidence for policy

making decisions. In the context of evidence reviews for use in policy, evidence
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can be defined as ‘information that can be used to support decisions in
developing, implementing and evaluating policy, operations and services’
(Collins et al. 2015, piv). The Joint Water Evidence Group produced a method
for the production of REAs and quick scoping reviews (QSR) on behalf of the
Department of Environment and Rural Affairs (DEFRA) which is now being used
in practice (e.g. Water Efficiency and Behaviour Change Rapid Evidence
Assessment by Orr, Papadopoulou, and Twigger-Ross 2018). QSRs lie
between a standard literature review and an REA (Figure 3.1). They aim to
provide an informed conclusion on the volume of evidence in relation to the
review question. QSRs generally do not involve any assessment of the
robustness or rigour of the evidence and can therefore also lead to vote-
counting. Systematic maps (SM) also follow the same rigour and objectivity.
However, they can be used to address broader questions which are more open
and may not have a definitive answer (Berger-Tal et al. 2019). They can also be
used to determine knowledge gaps and knowledge clusters (James, Randall,
and Haddaway 2016).

Ultimately, the method of review selected will be a result of the requirement for
the synthesis of evidence. If the purpose of the review is to place the current
topic in context, then a traditional literature review may be sufficient (e.qg.
Chapter 2 provides an overview of fine sediment and biomonitoring practices
which place the rest of this thesis in context). However, if the aim is to identify
knowledge gaps and attempt to answer a specific research ‘question’ from the
evidence, then a more structured type of review method would be more

appropriate.
3.1.2 Reviewing fine sediment effects on macroinvertebrates

In Chapter 2, the wide-ranging potential effects of fine sediment on
macroinvertebrates was recognised and discussed (Section 2.3, Figure 2.3).
Different components of the macroinvertebrate assemblage may respond to
excessive sediment input, depending on their relationship with the substrate,
feeding behaviours and other functional traits (Culp, Wrona, and Davies 1986,
Angradi 1999, Suren and Jowett 2001, Larsen and Ormerod 2010). There are
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both negative and positive responses as some taxa/trait groups benefit whilst
others decline or are lost completely. The relationship is not as simple as an
inverse association between sediment quantity and macroinvertebrate
abundance and is instead a complex web of interactions and effects (Jones et
al. 2012b).

To date, several traditional narrative literature reviews have focused on the
effects of fine sediment on aquatic organisms, including fish (Kemp et al. 2011),
macrophytes (Jones et al. 2012a), macroinvertebrates (Wood and Armitage
1997, Jones et al. 2012b), and diatoms (Jones et al. 2014). As identified in
Section 3.1.1, these reviews can be subject to biases. Thus far, there have
been no SRs of the literature on this topic, or reviews which have been more
systematic in their methodology. Considering the significance of
macroinvertebrates in biomonitoring practices (Chapter 2 Section 2.4.2), and
the emergence of sediment-specific biomonitoring tools, it is important to
develop our understanding of their responses to fine sediment.

A large body of published work exists on the effects of fine sediment on
macroinvertebrates, but it remains equivocal and has yet to be quantified using
a weight of evidence approach. Investigating these effects lends itself to a
method between an SM and an REA. The results of this type of review could
lead to a more informed overview of the responses and interactions than the
existing traditional literature reviews. Particularly with the emerging use of
incorporating traits into biomonitoring tools. It is important to review existing
evidence to determine whether any overall conclusions can be made or whether

those made in traditional literature reviews are confounded.

3.2 Research aims

The aim of this chapter is to evaluate the current state of knowledge on
macroinvertebrate responses to excess fine sediment in order to: (1) direct
research by identifying key knowledge gaps and; (2) support ongoing efforts to
develop effective biomonitoring tools. This will be carried out using a method
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adapted from SMs and then critically appraise the evidence extracted using an

REA protocol. This review will:

review existing literature on fine sediment effects on macroinvertebrates
extract information about each individual study to quantify the breadth of
evidence (systematic mapping)

classify the types of macroinvertebrate responses described (e.g.
traditional community indices, trait-based assessments, biomonitoring
indices)

evaluate the causes of macroinvertebrate responses through
assessment of the article by weighting evidence based on the study
design (i.e. evidence quality)

assess what factors predict evidence quality

identify knowledge gaps and make recommendations for future research
priorities

3.3 Method

3.3.1 Review scope

Determining the review scope is an important part of any review. The

Population, Intervention/Exposure, Comparator, Outcome (PICO) approach is

an established method of breaking down the review scope into its constituent

elements (Collins et al. 2015, James, Randall, and Haddaway 2016,

Collaboration for Environmental Evidence 2018). The PICO process for this

review (Table 3.1) was reviewed by experts in ecology, hydrology,

geomorphology, systematic review and policy delivery (Environment Agency,

England) at development stage®.

3 This review scope was presented to the PhD supervisory team, which comprises the expertise
listed, during quarterly supervision meetings
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Table 3.1 — PICO (Population, Intervention/Exposure, Comparator and
Outcome) analysis of the review scope.

PICO element Review scope

Population Macroinvertebrates only. Studies including
other taxonomic groups will be reviewed but the
The subject or unit of study | response on macroinvertebrates must be
documented to be extracted as ‘evidence’.

Intervention/Exposure Exposure to fine sediment (particles <2 mm or
sand, silt and clay from land or within channel

Thg propos.ed management | soyrces carried in suspension or deposited on
regime, policy or related and in the river bed)
intervention/exposure

applied or investigated

Comparator Absence of fine sediment; control or reference
sites with reduced/enhanced sediment loads; a
The cont.rol with no gradient of fine sediment exposure from low to
intervention or an high.
alternative to the
intervention
Outcome Change in macroinvertebrate community
structure (i.e. functional or taxonomic indices
The effec.ts of the including biomonitoring index scores)
intervention
Or

Change in population size (e.g. abundance,
relative abundance, richness, relative richness)

Or

Individual behaviour (e.qg. drift).

Within the ‘Population’ element, it is significant to note that the taxonomic group
is specifically macroinvertebrates due to their common application in
biomonitoring. Additionally, these monitoring practices are only applicable in
freshwater lotic systems (streams and rivers), thus any study carried out in

marine environments or lentic systems were excluded from this review. The
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‘Outcome’ element is defined as the occurrence and magnitude of a response
at the individual and/or community level. It is important to be able to attribute
this outcome to fine sediment and not any other confounding effect within each
study. Studies which investigate responses in a multi-stressor environment
were included as evidence providing the effects of sediment could be isolated
from confounding effects. For example, in a full factorial design experiment, only
responses recorded from ‘sediment only’ treatments were included as evidence
(as opposed to those crossed with other contaminants) (e.g. Magbanua et al.
2016). As stated in Chapter 2 the effects of sediment associated contaminants
and persistent organic pollutants (POPs) are beyond the scope of this thesis.
Additionally, the study of the effects of sediment associated contaminants
crosses a disciplinary boundary in to the field of ecotoxicology. The
mechanisms behind these responses are relatively well understood compared
to the effects of fine sediment alone. Furthermore, after initial searches, the
wealth of publications relating to specific contaminants was considerably
greater (and more than could be reviewed within the capacity of this study) than
those investigating the physical effects of sediment alone. Therefore, the scope
of this review is therefore limited to the direct physical effects on
macroinvertebrates. Fine sediment is most broadly defined as particles <2 mm
in diameter (Wood and Armitage 1997, Jones et al. 2012b) so studies
investigating the effect of larger size particles (e.g. rock or debris fall) were

excluded.
3.3.2 Search strategy

Scopus (Elsevier database; see Appendix 1.1 for link to saved search) and
Academic Search Complete (EBSCO host) databases were searched on 6t
October 2018. The use of grey literature (outputs that have not been peer-
reviewed) has been widely debated; the inclusion of grey literature in systematic
reviews is considered an advantage over traditional reviews which only cite
peer-reviewed articles (e.g. McAuley et al. 2000). Whilst including grey literature
does provide a wider scope than traditional reviews, using peer-reviewed
articles gives some assurance that the research is of a certain quality, whereas

this may not be the case with grey literature. Additionally, evidence from public
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reports or academic theses may be published in part or whole in journal articles,
thus risking duplication by including this type of evidence. Grey literature was

therefore not included as part of this review.

Finally, it is worth noting that search terms are a critical part of any evidence
assessment and must be carefully considered. Due to the broad scope of this
review, one search string was used for both databases: ‘invertebrates OR
macroinvertebrates AND sediment OR fine sediment OR sand OR silt OR clay
OR colloid’.

3.3.3 Evidence screening

A large number of results were returned from Scopus (7296 articles) and
Academic Search Complete (3202 articles). This high number would usually
indicate that the search strings need to be revisited and refined because the
terms are not specific enough. However, in this instance this result is to be
expected given the broad search terms being used and the wide scope of this
review. After combining the search results from both databases and removing
duplicate publications, 