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Chapter 1 - General Introduction

Aquatic ecosystems, in particular rivers and streams have been widely used and 

thus directly and indirectly modified by humans for centuries (Owens & 

Walling, 2002; Frings et al, 2009). Freshwaters have probably undergone faster 

degradation than most other ecosystems with extinction rates and population 

declines accelerating rapidly (Ricciardi & Rasmussen, 1999; Millennium 

Ecosystem Assessment, 2005). This is the consequence of multiple stressors 

with both direct effects, such as pollution, water abstraction, impoundment and 

introduced species, and indirect effects from extensive conversion of 

catchments for agriculture or other human uses (Allan, 2004). The latter gives 

rise to one of the most pervasive and widespread forms of running-water 

impairment in the form of altered sediment dynamics and excessive delivery of 

fine particles (Waters 1995).

Fine-grained sediments are naturally occurring in streams and rivers at all 

latitudes. The constant entrainment, transport and deposition of sediment are 

natural geomorphological processes that ultimately define channel-evolution 

through time. Increasingly, however, research based on long term monitoring is 

showing that fluxes of fine sediment are progressively increasing throughout 

the world as catchments are modified for agriculture, construction, 

deforestation or mining (Owens et al, 2005). It is estimated that human activity 

may be responsible (directly and indirectly) for c 80-90% of the fluvial 

sediments delivered to the coastal oceans (Owens et a l, 2005). On a long term 

perspective, global climate change may also influence precipitation patterns 

and soil erosion thereby altering river sediment regimes (Wilby, Dalgleish & 

Foster, 1997).

The ecological consequences of altered fine-grained sediment quantity and 

quality on lotic water organisms have been investigated increasingly for over 

20 years, using diverse approaches from large-scale surveys to manipulative 

field and mesocosm experiments (Waters, 1995; Wood & Armitage, 1997).
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Increased sediment loads can affect aquatic organisms across all trophic levels 

with both direct effects (e.g. on organisms’ respiratory or feeding structures) 

and indirect effects (e.g. on habitat quality) generally resulting in lower 

productivity and diversity (see Chapter 2). However, basic understanding of i) 

the traits of organisms conferring sensitivity to sediments, ii) the wider 

ecosystem-level consequences and iii) the conservation implications is still 

relatively poor compared to other forms of stream impairment (organic 

pollution, acidification). This is because fine sediments in streams are often 

associated with other factors such as nutrients and pesticides, while their 

dynamics and quality are strongly determined by larger-scale catchment 

features that also influence aquatic organisms. Such covariation often precludes 

the straightforward assessment of the effects of sediment stress on natural 

systems. Moreover, as anthropogenic alterations of sediment dynamics can 

range from local habitat change to whole catchment modification, the exact 

source is rarely identified and the scale at which effects are evident could vary 

greatly (Imhof, Fitzgibbon & Annable, 1996).

These considerations show that current interpretation of ecological effects - 

especially if based on observational studies - could be limited by numerous 

confounding factors or inappropriately scaled approaches. In these 

circumstances experiments have the advantage of providing relatively 

controlled conditions with artificial sediment addition in flumes, mesocosms 

and experimental streams frequently employed in the past. Nonetheless, such 

experiments may have limited realism or lack true replication and caution is 

needed in extrapolating results to the field (Culp, Wrona & Davies, 1985; 

Fairchild et al, 1987; Suren & Jowett, 2001; Suren, Martin & Smith, 2005). 

Thus, there is a need to assess consistent patterns in the response of organisms 

to fine sediments unravelled by field surveys and experiments. This would help 

reveal possible causal relationships and underlying mechanisms. However, 

studies employing both surveys and manipulative in-stream experiments are 

surprisingly few (Angradi, 1999; Townsend, Uhlmann & Matthaei, 2008).

This thesis aims to investigate the extent and the biological effects of sediment 

deposition in the Usk Catchment in Wales. The Usk Catchment is an ideal
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location to investigate sedimentation effects on organisms for several reasons 

(See Chapter 3). Most of the river drains sandstones and mudstones (Old Red 

Sandstone Series) so there is little variation in underlying geology across 

locations, but these same sedimentary features create a potential for sediment 

mobilization (Sable & Wohl, 2006). Urbanization has a negligible impact since 

the catchment is scarcely populated, but dominant land-use varies from upland 

rough grazing land to improved grassland with possible implication for 

sediment delivery. Additionally, water chemistry is relatively uniform across 

the catchment, with flow well oxygenated and generally low in plant nutrients, 

so that major confounding variables should not mask apparent sediment effects 

(Clews & Ormerod, 2009; Larsen, Vaughan & Ormerod, 2009).

I used a blend of surveys over different spatial extents along with field 

experiments to assess how in-stream sediment character varied across locations 

in relation to land-use, and its effect on macroinvertebrates structure and 

function. Specifically, I attempted to test the following hypotheses:

1. Catchment and riparian land-use and associated processes (bank erosion) 

should explain most of the variability in the observed deposited 

sediments (Chapter 3)

2. At larger spatial resolution (catchment and reach scale), the composition

of stream invertebrates should mostly reflect variation in dominant land- 

use and altitude, while the influence of sediments should be of secondary 

importance (Chapter 3).

3. At finer resolution (patch-scale) the influence of local substratum

conditions (i.e. deposited fines) on invertebrates’ assemblages should be 

increasingly apparent and I expected a decrease in EPT and overall 

richness and abundance with increasing fines (Chapter 3).

4. Specific invertebrates’ life-history and behavioural traits should be

disfavoured and thus relatively under-represented in sediment-rich 

locations; conversely, other traits reflecting a degree of adaptation to fine 

substrata should be relatively favoured (Chapter 4).

5. Short-term sediment release and transport should result in rapid

invertebrate loss and redistribution through drift (Chapter 5).
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6. Invertebrate responses to fine sediments should be consistent between 

surveys and experiments when a causal relation is involved. In particular, 

I expected consistency in how the representation of specific traits varied 

in relation to sediments gradient as observed in surveys and generated in 

experiments (Chapter 6).

These hypotheses are given specific background in each of the chapters in 

which they are tested. Additionally, to examine the possible conservation 

implications of sediment delivery in streams, I tested the hypothesis that 

sedimentation could promote the formation of nested subset patterns in species 

assemblages. Nested sub-set pattern occurs where species present in species- 

poor locations constitute a subset of the species in richer locations, so that in a 

perfectly nested system rare taxa only occur in the richest site and generalists at 

most sites. Nestedness has been examined in many biological systems, 

including stream invertebrates (Atmar & Patterson, 1993; Fernandez-Juricic, 

2002; Hecnar et al, 2002; Heino, Mykra & Muotka, 2009), mostly to test 

biogeographical theories. Recent work suggest that not only large scale 

colonization-extinction processes could generate nestedness in communities, 

but also anthropogenic disturbance, habitat quality and behavioural effects on 

patch selection (Summerville, Veech & Crist, 2002; Hylander et al, 2005). For 

these reasons, nested subset analysis has been increasingly used to assess 

conservation effects in different ecosystem types. I therefore hypothised that, 

as species differ in their sensitivity to sedimentation, local selection through 

extinction or impaired colonization should generate nestedness as increased 

sediments would favour generalist over specialists.

All chapters are self-contained and intended as papers for publication with their 

own reference list.
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Chapter 2 - Effect of suspended and deposited 

sediments on lotic organisms

Summary

1. A large array of anthropogenic activities in catchments and riparian habitats has 
altered sediment regimens resulting in excessive fine sediment delivery to streams 
and rivers worldwide. The consequent transport and deposition of fine sediments 
affect lotic organisms across all trophic levels with both direct and indirect effects. 
However, understanding the causes of altered sediment regimes and the 
mechanisms behind ecological effects is challenging. Fluvial sediment sources, 
and therefore their particle-size distribution, chemical properties and in-stream 
behaviour are extremely variable resulting in similarly variable biological 
responses. Also, in modified catchments, anthropogenic derived sediments are 
often associated with wider habitat modifications and in-stream stressors 
producing synergistic and antagonistic patterns in the biological response. 
Moreover temporal attributes of sediment releases, such as duration and frequency, 
can influence the severity of impact strongly, but appropriately designed studies 
are surprisingly few.

2. Many biological features influence sediment effects in lotic system. Recent 
studies have shown how certain life-history and behavioural traits can dictate 
organisms’ sensitivity to sediments, but the majority of research has described 
gross community changes or species-specific tolerance. Studying changes in the 
representation of organisms’ traits in impacted communities could aid a better 
understanding of the mechanisms involved but, in any given location, top-down 
hierarchical controls and selective pressures will ultimately select locally existing 
traits from the available pool. Consistent quantitative predictions of ecological 
impacts, even if based on more accurate mechanistic understanding, are therefore 
problematic.

3. In this review I critically summarise current knowledge on the ecological 
effects of increased fine sediments on primary producers, invertebrates and fish. 
Future research should aim to i) assess further the traits of organisms conferring 
sensitivity or tolerance, ii) understand better how sedimentation affects the 
transfer of energy among trophic levels and the influence of biotic interactions, 
iii) assess the individual and combined effect of sediment and the many associated 
stressors over a range of spatial scales.

4. Finally, the consequence of excessive sediment deposition on other semi- or 
non-aquatic taxa, such as amphibians, otters, river birds, but also riparian 
arthropods is largely unexplored. Even less is known about the effects of 
increasing sedimentation on microbial metabolism and nutrient cycling.
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2.1 Introduction

“Erosion is the most insidious threat, for it is often unspectacular and goes 

unnoticed from one year to the next”. The opening paragraph of Cordone and 

Kelley’s (1961) classic review on the influence of inorganic sediment on aquatic 

life is today even more appropriate. Although the effects of land erosion and 

associated siltation have long been recognized as major factors in river ecology 

(Aitken, 1936; Ellis, 1936), the advent of quantitative studies is still relatively 

recent, mostly stemming from assessments of industrial and mining operations 

(Nuttall & Bielby, 1973; Extence, 1978; Scullion & Edward, 1980; Turnpenny & 

Williams, 1980; Cline, Short & Ward, 1982). Fine sediment deposition is now 

considered one of the greatest hazards to the biological integrity of streams and 

rivers worldwide (Waters, 1995).

While sedimentation is a natural geomorphologic process in rivers, fine sediment 

fluxes and sediment transport are increasing in catchments impacted by a range of 

human activities (Table 2.1; Olley & Wasson, 2003; Owens et al, 2005) including 

agriculture (Lenat, 1984; Walling, 1990; Larsen, Vaughan & Ormerod, 2009), 

mining (Nuttall & Bielby, 1973; Scullion & Edward, 1980), deforestation and 

forestry (Kreutzweiser & Capell, 2001; Kreutzweiser, Capell & Good, 2005), 

construction (Extence, 1978; Cline et al., 1982; Davies & Nelson, 1993), 

groundwater abstraction (Bickerton et al, 1993) and livestock grazing (Olley & 

Wasson, 2003; Braccia & Voshell, 2006). Global climate change is also likely to 

modify precipitation, hydrologic regimes and temperature, therefore altering soil 

erosion rates, channel morphology and sediment transport (Wilby, Dalgleish & 

Foster, 1997). Although natural river water is never sediment free, excessive 

sediments from anthropogenic activities are considered to overwhelm the 

“assimilative capacity” of a stream -  i.e. the ability of a natural system to absorb 

anthropogenic wastes and other materials without being degraded. Detrimental 

effects on habitats and biota then result (Cairns, 1977).
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Physical - habitat effects

Sediment transport and deposition modify the physical-chemical properties of 

aquatic habitats and affect hydrological processes (Fig. 2.1) in ways that include

(i) increased turbidity (Davies-Colley et al, 1992; Davies-Colley & Smith, 2001);

(ii) changing substratum structure and porosity (Schalchli, 1992; Rehg, Packman 

& Ren, 2005); (iii) decreasing bed heterogeneity and pool-riffle patterns 

(Rathbum & Whol, 2001; Gayraud, Herouin & Philippe, 2002); (iv) filling 

interstices, thus reducing hydrological exchange between surface and groundwater 

while decreasing nutrient and oxygen supply to the hyporheos (Turnpenny & 

Williams, 1980; Richards & Bacon, 1994). Sandy substrata are believed to store 

large amount of fine detritus (Metzler & Smock, 1990), potentially altering 

organic matter budgets in the impacted location.

Inorganic sediment deposition has little effects on the chemical properties of the 

water (Ellis, 1936; Fossati et al, 2001), but small, charged particles such as clays 

can transport adsorbed contaminants. In that case, consequences for organisms 

and ecosystems are many and are reviewed elsewhere (Warren et al, 2003)

Despite growing research effort on the ecological implications of fine sediment 

delivery to streams, understanding of the factors determining organisms’ 

sensitivity and the consequences for ecological processes is still scarce.

Here, I review the current knowledge on the effects of fine sediments on aquatic 

life across all trophic levels; aiming to identify sediment characteristics and 

biological aspects that influence not only the ecological effects, but also our 

ability to detect and manage them. I thus recognize gaps in knowledge and 

suggest possible future research directions.
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2.2 Fine sediment properties

Material transported in flowing waters is either solid or in solution, organic or 

inorganic. Particles > 2mm are considered gravels, whereas sand (2 to 0.063 mm), 

silt (0.063 to 0.004 mm) and clay (<0.004 mm) constitute what is normally 

referred to as the fine fraction.

The entrainment and behaviour of sediments in lotic waters is mainly dependent 

on water flow velocity, particle grain size and shape, although grain size 

distribution, which controls the degree of packing and cohesion, also determines 

the behaviour of particles in the water column (Pye, 1994). Particle density, 

sphericity, roundness (sharpness of edges) and surface texture also influence 

sediment behaviour and ecological impact (see below).

Natural, but also anthropogenically derived sediments in any stream section have 

three major origins: surface (hill slope) erosion, upstream / tributary inputs and 

channel bed / bank erosion. Channel-derived particles are normally coarser then 

particles from hill slopes, and are generally associated with the bed material load. 

In contrast, surface sources usually provide fine sediments constituting the 

suspended / wash load (Knighton, 1998).

Once entrained, coarse particles tend to remain in contact with the stream bed 

(bedload) by rolling and sliding and their volume is generally higher in sandy 

beds than in gravels. Particles whose settling velocity is slower than the upward 

components of flow and turbulence constitute suspended load, which is 

transported virtually without bed contact.

Suspended load can account for up to 90% of the total sediment transported by a 

stream or river (Allan, 1995), However, while much suspended sediment is 

transported during floods, baseflow transport can be constantly high even at base 

flows and represents an important disturbance to organisms (Culp, Wrona & 

Davies, 1985; Bond, 2004; Gibbins et al, 2007)

Deposition occurs when the flow or shear velocity falls below the settling velocity 

of a particle, which is normally less than that required for entrainment (Knighton,
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1998). Settling velocity is dependent upon particle size, and therefore very small 

particles (silt and clay size) will be transported further downstream than coarser 

particles. River deposits can form within the channel, in the channel margins, in 

the floodplain and mouth. Deposition mainly occurs in low flow areas such as 

margins, backwaters, pools and downstream of obstructions, but macrophytes 

stands and periphyton can enhance local deposition.

2.3 Sediment characteristics influencing ecological effects

Sources and associated stressors

Sources of fluvial sediment, their particles’ characteristics and behaviour are 

highly diverse and variable, therefore understanding and predicting associated 

ecological effects on stream organisms is particularly challenging. Not only 

physical-chemical properties and particle size distribution of sediments change 

according to variable sources, but anthropogenic derived sediments are often 

associated with wider habitat modifications and in-stream stressors that result in 

complex ecological responses. Catchment modifications from agriculture, 

urbanization and forestry, for example, not only alter natural sediment dynamics 

and quantity in streams, but represent major ecological influences per se (Table 

2 . 1).

In cultivated catchments sediment deposition and nutrient enrichment are often 

associated and, as sediment particles in agricultural landscapes tend to be finer 

(e.g. Matthaei et al, 2006), contaminants such as pesticides could also be absorbed 

and delivered to the water (Stone & Droppo, 1994; Owens et al., 2005). 

Moreover, other stressors affect streams in developed catchments such as loss of 

riparian habitat, altered hydrology, light and temperature (Manel, Buckton & 

Ormerod, 2000; Allan, 2004). Similarly, timber harvest, besides increasing 

sources of organic sediment, can modify flow regime where the soil is wetter as a 

result of reducing interception and evapotranpiration (Allan, 1995). Biological 

responses to sediment-associated stressors can therefore show synergistic and 

antagonistic patterns so that sediments’ effects are exacerbated in the first case 

and masked in the latter. For example, higher nutrients can increase algal

12



productivity to the benefit of grazer organisms, but associated sediment inputs 

would outweigh such positive effects (Townsend, Uhlmann & Matthaei, 2008). 

Conversely, the biggest negative effects could be apparent only when high 

nutrient and sediments coincide. These kind of subsidy-stress responses have 

been observed frequently and, despite evidence that different nutrient conditions 

can alter the response of benthic organisms to disturbance (Gafner & Robinson, 

2007; Niyogi et al, 2007b), interaction between land-use, sediments and 

biological response has been poorly explored (Matthaei et al., 2006; Larsen et a l, 

2009).

Different sediment sources will also influence the spatial scale of ecological 

impact and, in turn, our ability to detect them. Large scale catchment 

modification, for example for agriculture or forestry, will result in diffuse release 

of fines over broad areas, whereas sediment delivery from local bank erosion or 

livestock poaching is likely to be a localized phenomenon. In these circumstances 

appropriately scaled investigations may be necessary (Larsen et al., 2009).

Particle size

Sediment effects not only are influenced by larger scale covariables, but obviously 

depend on particles’ physical and chemical characteristics, which vary according 

to dominant catchment geology, soil type and available sources (Walling & 

Amos, 1999; Sable & Wohl, 2006). Streams draining erodible rock-type such as 

sandstone, for example, have greater rates of fine sediment transport than streams 

in slower weathering lithology (Bond, 2004; Sable & Wohl, 2006). Catchment 

geology can also determine mean sediment particle size and thus their in-stream 

behaviour. The supply of relatively coarse sediments and their constant in-stream 

redistribution, even at base flows, represent a major ecological disturbance that 

could denude stream patches of benthic organisms through displacement or 

behavioural avoidance (Gibbins, 2007). Few studies, however, have specifically 

assessed the effects of different particle sizes within the fine (<2 mm) fraction. 

For example, hydropsy chid larvae exposed to sediment loads drifted when buried 

by particles <1 pm, whereas bigger particles induced a buried-alive behaviour 

(Runde & Hellenthal, 2000). Dobson et al. (2000) showed that particles <lmm are 

detrimental to buried individual Potamophylax cingulatus to the extent that they
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will abandon their cases in order to escape, thus increasing the risk of predation, 

whilst very few of those buried by larger particles were forced to leave their case. 

Similarly, the time needed by buried Trichoptera larvae {Melampophylax 

mucoreus) to escape, significantly increased with finer sediments (Wood, Vannn 

& Wanless, 2001). Not only size per se, but also sediment sorting (grain-size 

distribution) and textural properties (e.g. roughness) will affect transport 

thresholds and thus biological responses (Holomuzki & Biggs, 2003). These few 

examples, although based on ex-situ experiments, show how the ecological effects 

of sediments depend on their size and distribution that, however, are difficult to 

quantify in the field.

On the same theme, the existing substratum structure in a given location will 

influence ecological effects of sedimentation. The composition of benthic 

invertebrates, in particular, is mostly dictated by substratum characteristics, so 

that fine-sediment-rich areas would likely support pre-adapted taxa that may even 

benefit from increased sediment delivery.

Temporal components

Only relatively recently, and led by a toxicological approach, research has 

progressively focused on temporal attributes of sedimentation events; individual 

and combined effects of concentration, exposure time and frequency were 

assessed.

Newcombe and collaborators (Newcombe & MacDonald, 1991; Newcombe & 

Jensen, 1996) were among the first to develop a dose-response model predicting 

the severity of impact based on suspended sediment concentration and exposure 

time. However, their calibration was mostly based on meta-analysis of available 

data and only focused on fish populations. Shaw and Richardson (2001), exposing 

artificial channels to sediment pulses of constant concentration but variable 

duration, observed that both invertebrate metrics and trout growth were 

negatively correlated with pulse duration. Gard (2002) on the other hand, 

attributed the lack of any significant effect of sediment loading on fish survival 

and macroinvertebrates to the relatively low sediment concentration and limited 

duration of loadings. Recently, Molinos & Donohue (2009) showed that the 

biological response to sediment concentration, exposure time and their interaction
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can be variable specific; in other words, the relative weight of concentration and 

time strongly depended on the biological component under exam. Besides 

concentration and duration, however, the severity of effect is also related to the 

frequency of exposure. For example, freshwater mussels exposed to suspended 

solid every 3 hours reduced their metabolic rate, but did not shift to alternative 

catabolic substrates, whereas they shifted to complete reliance on non-protein 

body stores when exposed every 0,5 hours, giving signs of evident starvation 

(Aldridge, 1987).

Despite the evidence that research will certainly benefit from integrating temporal 

components in assessing sedimentation impacts and developing a dose-response 

model, specific studies are surprisingly few.

2.4 Biological aspects influencing sediment effects

Organisms ’ traits

The literature on the effects of deposited and suspended sediments on aquatic 

organisms is huge and thoroughly reviewed (Ryan, 1991; Waters, 1995; Wood & 

Armitage, 1997). The majority of studies, however, described gross community 

changes or individual tolerance and survival, while the functional characteristics 

of sensitive taxa or the consequences for ecosystem-wide processes are largely 

unexplored. This is despite relatively recent research showing how certain life- 

history traits make some organisms more vulnerable than others. In particular, 

organisms with external gills (Lemly 1982; Townsend 2008); filter feeders 

(Strand & Merritt, 1997; Runde & Hellenthal, 2000; Fossati et al., 2001); grazers 

(Graham, 1990; Rabeni, Doisy & Zweig, 2005) and swimmers (Fossati et al. 

2001; Rabeni 2005) all appeared to be negatively affected by increasing fines. 

Additionally, hyporheic invertebrates and amphibionts (Richards & Bacon, 1994; 

Gayraud & Philippe, 2003; Olsen & Townsend, 2003), clingers (Pollard & Yuan, 

2009), organisms laying unprotected eggs (Doledec et al, 2006) and visual 

predators (Rowe & Dean, 1998) are also likely to be affected by reduced 

interstitial space and increased turbidity. In this view, sediment effects could then 

be associated with changes in the representation of specific life-history traits in 

impacted communities. Use of such functional measure to assess ecological
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effects has clear advantages over strictly taxonomic approaches; most notably, the 

potential to link observed patterns to underlying processes and the increased 

predictability and transportability. The relative stability of trait measures across 

ecoregions (Gayraud & Philippe, 2003) and over time (Beche, McElravy & Resh, 

2006), makes this approach ideal for biomonitoring. Further, use of functional 

measures such as feeding guilds could be a valuable proxy of major ecosystem 

attributes like nutrient cycling and longitudinal material transport (Yoshimura et 

al, 2006).

However, in a given location the overall biological response to sedimentation 

would obviously depend on the relative representation of such sensitive traits 

within the community. Top-down hierarchical controls will ultimately determine 

local assemblages as regional and catchment filters would select locally available 

life-history traits (Cardinale et al, 2002; Schweiger et al, 2007).

Quantitative predictions of ecological impacts, even if based on more accurate 

mechanistic understanding, are therefore problematic.

Recovery time

In line with the previous section, the ability of a population to recover from an 

episodic event is dictated by its resilient traits, such as polivoltinism or asexual 

reproduction (Doledec et al. 2006; Townsend et al. 2008). Also, insects with 

flying adult stages are better re-colonisers than non-flying forms (Waters, 1995). 

However, the recovery time of impacted biota will also depend on an available 

source of colonisers (e.g. unimpacted tributaries), as well as current velocity and 

flood intervals (Osmundson et al, 2002). It follows that the season and timing of 

episodic sediment delivery will influence the severity of impact. Complete 

recovery within a year, for instance, has been observed by both Cline et al. (1982) 

and Barton (1977), studying the effect of a road construction on small streams; 

high discharge and the short-term sediment supply contributed to the fast 

recovery. Conversely, Zuellig et al. (2002) after sediment flushing from a 

reservoir, attributed the fast recolonization of some stream taxa to their rapid 

reproduction cycles. The extent of deposition and the rate of sediment re-supply 

are also crucial. For example, 20 years after large-scale logging in an Idaho river,

16



fine sediments were still stored in salmon spawning areas, as muddy tributaries 

prevented any amelioration (Platts et al, 1989).

Surveys and experiments studying long-term sediment effects and recovery rate 

may be more expensive and logistically demanding, but not necessarily less 

important.

As siltation has been associated with declining primary production, for example 

by reducing light penetration or abrading benthic growth, some authors (e.g. 

Ryan, 1991) argued that streams relying on allochthonous energy sources (e.g. 

litter from riparian zone) may be less sensitive. This hypothesis has not been 

tested yet, but, most of the streams where primary energy sources come from 

detritus inputs drain the headwater section (Vannote et al, 1980) and could 

therefore be intrinsically more sensitive (Matthaei et al., 2006; Connolly & 

Pearson, 2007; Larsen et al., 2009).

Biotic interactions

One aspect that has been unduly neglected is the relation between sediment stress 

and species interactions. Even the functional approach of matching life-history 

traits with habitat templet is ultimately auto-ecological. That is, interspecific 

interactions are not accounted for despite the evidence that communities are 

strongly structured by competition, facilitation and predation (Schoener, 1983; 

Englund et al, 2009).

For example, larval hydropsychids are notorious ecosystem engineers, whose silk 

retreats can enhance stream bed stability and favour suitable habitats for other 

species (Cardinale, Gelmann & Plamer, 2004; Nakano, Yamamoto & Okino, 

2005); their reported sensitivity to fine sediments and their premature loss from 

silted locations could result in lower bed stability with unpredictable 

consequences for other organisms. Additionally, stoneflies and shrimps have been 

shown to reduce significantly the rate of fine sediment accumulation in stream bed 

interstices (Pringle et al, 1993; Zanetell & Peckarsky, 1996). Top-down and 

bottom-up controls are also likely to mediate sediment effects. Insectivorous and 

drift-feeding fish would be indirectly affected by lower densities of benthic 

invertebrates or by a shift in the community towards burrowing and thus 

unavailable taxa (Suttle et al, 2004). Also, even a small increase in bedload has
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been associated with altered macroconsumer effects on benthic biomass, organic 

matter and fungal accumulation on leaf debris (Schofield, Pringle & Meyer, 

2004).

More studies assessing how biotic interactions mediate ecological response to fine 

sediments and the consequences for organisms at higher trophic levels are needed.

2.5 Management issues

Despite being one of the biggest contributors to stream and river impairment 

worldwide, no biotic metric for assessing or monitoring sediment effects has so 

far been successfully produced, as opposed to acidification (AWIC) and organic 

pollution (e.g. BMWP). Because of the complex multi-scale interactions among i) 

catchment character, ii) sediment sources and associated stressors, iii) particle-size 

distribution and iv) the variable ecological responses, more empirical data are 

needed to develop a predictive model with clear understanding of causal 

relationships and magnitude of response.

Also, although there are no specific sediment management guidelines at the 

European level, one of the aims of the European Water Framework Directive 

WFD is the identification of appropriate target for nutrient, water flows and fine 

sediments in water courses (Greig, Sear & Carling, 2005; Owens et a l,  2005).

One of the biggest obstacles in the development of statistical models or metrics is 

the problematic comparison of quantitative relationships estimated by different 

studies. Most of the limitation stems from the various ways used to quantify fine 

sediments, especially when deposited.

The suspended fraction is usually expressed as solid concentration (mg/1) or by 

associated optical properties, either nephelometric units or Secchi disk visibility 

(Davies-Colley et a l, 1992).

The deposited fraction, on the other hand, is more difficult to measure and several 

approaches have been proposed including: estimation of size classes distribution 

based on direct measurement of particles (Wolman, 1954; Minshall, 1984); 

particle geometric mean diameter and fredle index (Shirazi & Seim, 1979; 

Beschta, 1982); visual estimation of the percentage of fines (Zweig & Rabeni, 

2001; Kreutzweiser et al., 2005); visual estimation of stream bed embeddedness
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(Zweig & Rabeni, 2001; Bolliet et al, 2005); resuspension technique (Owens, 

Walling & Leeks, 1999; Collier, 2002; Niyogi et al, 2007a; Larsen et al., 2009); 

weight of different size fractions (Angradi, 1999; Kaller & Hartman, 2004).

The relative volume of fine sediments stored in pools has been shown to be a 

good indicator of sediment supply in gravel bed streams (Lisle & Hilton, 1992). 

Whitman et al.(2003) also proposed an interesting photographic technique for 

characterising bed particles sizes that will eventually reduce costs, field time and 

stream bed disturbance.

Mebane (2001) stressed the importance of measuring fine sediments over the 

whole bankfull channel, since it would better indicate upstream disturbances as a 

result of floods compared to the submerged portion of the channel where sediment 

are easily diluted. Finally, Cover et al (2008) adopted a large grid laid over the 

stream bed and counted the number of grid intersections occurring over fine 

sediment patches.

Such diverse array of quantification methods obviously precludes valid cross­

study comparisons or meta-analyses.

2.6 Main effects on primary production

The first and most obvious effect of suspended solids in the water column is the 

modification of the water optical properties. Early work by Ellis (1936) showed 

how erosion silt can screen out light and change heat radiation. Suspended 

particles scatter light and increase diffusion. Photons then travel longer pathways 

increasing their chance to be absorbed (Kirk, 1985). Reduced light penetration 

due to suspended particles has resulted in decreased benthic primary production 

and subsequent reduction in periphyton biomass and phototrophic content 

(Davies-Colley et al., 1992; Yamada & Nakamura, 2002) as well as in reduced or 

altered algal species diversity (Hancock, 1973; Cline et a l , 1982). Increased 

turbidity is likely to be the main cause affecting primary production in a stream. 

Lloyd et al. (1987) calculated that a turbidity of only 5 NTUs (nephelometric 

turbidity units) can decrease primary productivity of a shallow, clear water stream 

by 3-13%, and an increased of 25 NTUs may decrease it up to 50%.
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Furthermore, fine sediments can be incorporated in the epilithic biofilms, reducing 

its organic content and nutritional value (Cline et al., 1982; Graham, 1990; 

Davies-Colley et a l , 1992) with consequences for primary consumers.

Periphyton and macrophytes can actually trap fine particles, increasing local 

deposition rates. Fine sediments are generally believed to settle only in marginal 

and pool areas where current velocity is low and no turbulence occurs, but 

Graham (1990) showed that periphyton provide a sticky matrix that enable 

siltation to occur even in fast flowing riffles with considerable flow turbulence. 

Suspended or saltating bedload particles can then mechanically damage 

macrophytes leaves and stems (Lewis, 1973a, 1973b), or prevent algal attachment 

reducing stable surfaces (Brookes, 1986). In these cases, only motile taxa 

(diatoms) may be able to move onto the top of the newly deposited layer 

(Dickman, Peart & Yim, 2005). Sandy and unstable beds can also affect the rate 

and location of primary production and respiration in streams (Atkinson, 2008). 

Additionally, Yamada and Nakamura (2002) concluded that the shading effect of 

trapped particles, even though expected to be limited compared to the particles in 

suspension, is not negligible as they considered sediment accumulated directly on 

the periphyton to be responsible for the decrease in chlorophyll a content.

Recently however, Parkhill & Gulliver (2002) reported that the whole 

productivity of a stream receiving sediment loads was not significantly lower than 

control locations, and suggested that the plant community could compensate the 

irradiance loss via an increase in overall photosynthetic efficiency. The reduced 

dark respiratory rate of treated streams reported in their experiment indicates, 

however, that even small sediment loads can reduce the overall biological activity 

in streams, even though not all communities will be affected to the same extent. 

Primary producers might be particularly resistant to sediment stress.

Ryder & Miller (2005) recommended caution in measuring chlorophyll a 

concentration, a structural variable, as a surrogate of algal productivity, and 

instead suggested directly measuring processes such as Gross Primary Production, 

or Net Primary Production. Also, more information is needed on the recovery time 

of periphyton and aquatic plants after sediment inputs and how up-welling zones 

of river bed may eventually favour the process.
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2.7 Main effects on benthic invertebrates

Benthic invertebrates are by definition organisms inhabiting the bottom of streams 

and rivers. The influence of substratum type on the composition and productivity 

of bottom fauna is well documented (Cordone & Kelley, 1961; Minshall, 1984), 

hence any modification of its structure is likely to affect the benthic community. 

Nonetheless, stream organisms must be adapted to natural variations in suspended 

and deposited sediments occurring as a result of spates and droughts. However, 

ecological effects arise when anthropogenic inputs differ in frequency, duration 

and extent.

Besides smothering the river bed, deposited fines can actually reduce suitable 

habitat by filling interstices of coarser substrates (Chutter, 1968) and reducing 

available refugia during floods (Olsen & Townsend, 2005). The diversity of the 

benthic fauna is generally a function of habitable surface area of the bottom 

particles, with the greatest productivity and richness found in rocky riffles with 

coarse particles and the lowest on sandy substrata (Cordone & Kelley, 1961; 

Rabeni & Minshall, 1977). Inputs of sand and finer particles on stream reaches 

mostly resulted in a significant decrease in invertebrates density (Gray & Ward, 

1982; Quinn et al, 1992; Angradi, 1999; Fossati et al., 2001; Zweig & Rabeni, 

2001) and richness (Lemly, 1982; Doeg & Koehn, 1994; Larsen et al., 2009). 

Diversity often shows variable response as rare taxa could disappear with 

increasing sediment, leaving fewer taxa but more evenly distributed among 

individuals (Angradi, 1999). Most EPT taxa (Ephemeroptera, Plecoptera, 

Trichoptera) notably prefer coarse grain substrata and a linear decline in their 

richness with increasing sediment cover has been observed consistently both in 

experimental studies (Angradi, 1999; Matthaei et al., 2006) and in larger scale 

surveys (Zweig & Rabeni, 2001; Kaller & Hartman, 2004; Townsend et al., 2008; 

Larsen et al., 2009; Pollard & Yuan, 2009). Kaller & Hartman (2004) also 

suggested that a threshold level of fine sediments accumulation exists (0.8-0.9 %) 

where EPT taxon richness is significantly reduced.

Besides indirect effects through habitat change, the main mechanisms likely to be 

involved include i) direct mechanical disturbance of saltating and suspended
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particles, which increase invertebrates drift rates and redistribution (Culp et a l, 

1985; Doeg & Koehn, 1994; Suren & Jowett, 2001), ii) impairment of respiratory 

and feeding structures with consequences for behaviour and energy requirements 

(Lemly, 1982; Strand & Merritt, 1997; Runde & Hellenthal, 2000) and iii) 

reduction of the organic content of periphyton and thus its food-value for 

consumers (Graham, 1990; Quinn et al., 1992; Kent & Stelzer, 2008).

The latter mechanism is clearly affecting grazer organisms not only reducing their 

growth rate but also altering substrate patch-selection and energy expenditure 

(Broekenhuizen, Parkyn & Miller, 2001; Suren, 2005). Siltation of coarse 

particulate organic matter may also affect shredders by reducing resource 

palatability through a reduction in microbial colonization and conditioning of 

particulate organic matter surfaces (Kreutzweiser et al., 2005).

Hydrology can strongly mediate sediment-organisms interaction with ecological 

consequences. Culp (1985), for example, added fine sediments to streams with 

different current velocities in order to distinguish the effect of deposited and 

transported particles on benthos. Deposited sediments had little impact on the 

benthic community whereas sediments transport by saltation reduced total benthic 

density by 50% influencing the whole benthic community composition. Even low 

rates of bedload transport are sufficient to denude patches of stream bed by 

triggering mass invertebrate drift (Gibbins et al., 2007). However, Suren & Jowett 

(2001) demonstrated that also deposited, non-saltating, fine sediments caused 

significant drift coupled with decreased benthic densities in some taxa. Sand 

deposits are an unsuitable habitat for many benthic organisms that can also 

impede upstream migration and thus represent ecological blockages in the 

colonization cycle (Luedtke & Brusven, 1976)

Community-wise, the most frequently observed effect is a shift in the existing 

benthic community towards sediment-tolerant and burrowing or tube-building 

taxa. In the long term, a reduction in overall abundance of prey-items in the form 

of drifting animals is also likely. In two early works Nuttal and colleagues (1972, 

1973) found a significant increase of Chironomidae, Tubificidae, Naididae and 

Baetis rhodani density in streams receiving sand and china-clay wastes. 

Discharges from a motorway construction in a UK stream resulted in a marked 

decrease in leech density and the elimination of the river limpet Ancylus fluviatilis 

from the impacted reaches, certainly due to the absence of suitable size particles
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for attachment (Extence, 1978). Fossati et al. (2001) demonstrated that the whole 

invertebrate community may be affected by sediment release from road 

construction in a clean Andean stream. Siltation over and within the substrate had 

a negative impact on epibenthic invertebrates, particularly gatherers. Increased 

level of suspended solids affected swimmers such as most Ephemeroptera. 

Suspended sediments interfered with the filtering processes of Hydropsychidae 

and Simulidae. Finally, the reduced density of primary and secondary consumers 

affected predators. Sedimentation could effectively impact benthic communities 

across all trophic levels. In the short term, however reduced interstitial and 

sheltering habitat may expose prey organisms and thus favour predator taxa 

(Wantzen, 2006).

Changes in community composition are not necessarily associated with a decrease 

in overall benthic density. Chironomidae and oligochaetes may become extremely 

dominant where deposits are also organically enriched (Hellawell, 1986). In fact, 

Lenat (1981) suggested that stable sand reaches can host a sand-community that, 

although very different from the one inhabiting rocky substrata, might reach 

higher densities.

Although the hyporheos is increasingly acknowledged as an integral part of 

fluvial ecosystems, the effects of fine sediment deposition on hyporheic habitat 

and organisms is relatively uninvestigated and most of the studies have focused on 

the top 10 cm of the bottom fauna.

The hyporheos is the ecotone between streams and groundwater and the exchange 

processes between the two systems have highly ecological significance (Brunke & 

Gonser, 1997). Further, the communities inhabiting the hyporheos are responsible 

of a great proportion of total stream respiration (Fellows, Valett & Dahm, 2001) 

and the meiofauna, which constitute the great majority of hyporheic organisms, 

can contribute up to 80% of total species diversity in lotic systems (Robertson, 

Rundle & Schmid-Araya, 2000). The observation that shortly after periods of high 

flows a higher number of invertebrates were found deep in the hyporheic zone 

(Williams & Hynes, 1974; Marchant, 1995) suggested that the hyporheos could 

act as a refugium during floods, an hypothesis that has been further supported 

(DoleOlivier, Marmonier & Beffy, 1997; Olsen & Townsend, 2005). Furthermore, 

the hyporheic zone hosts a variety of early life-stage of many insect species
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(amphibionts), as well as eggs and pupae, whose sensitivity to sediment 

deposition and infiltration has been so far neglected. Infiltrating sediments can 

thus reduce suitable refuge habitats during other disturbances and severely affect 

stream resistance and resilience.

The composition of the invertebrate community inhabiting the hyporheos is 

directly determined by habitat characteristics such as particles heterogeneity, 

percentage of fines, porosity, vertical hydrological exchange, all of which can be 

dramatically altered by siltation and clogging processes (Turnpenny & Williams, 

1980; Maridet et al, 1996). Studying the macroinvertebrate colonization in a 

stream impacted by inputs of fines Richards & Bacon (1994) concluded that 

within the hyporheos, the abundance of fine sediments was the dominant 

influence on macroinvertebrate assemblages, while at the surface, stream size 

appeared more important. In their experiment Radwell & Brown (2006) showed 

how excessive fines deposition reduced total meiofauna colonization with 

negative effects on copepods, rotifers and nematodes. Boulton et al.(\991) 

attributed the lower number of taxa and individuals in the hyporheic zone of 

pasture streams, compared to forested streams, to hill slumping and siltation likely 

responsible of the development of anoxic zones. Although Richards & Bacon

(1994) also showed that the hyporheos accumulated the greatest amount of all size 

categories of sediments, suggesting that it may be more impacted than the surface, 

specific studies are still rare.

Variable species response

Sediment effects on communities are obviously the consequence of variable 

species-specific response and tolerance. For instance, Broekenhuizen et al. (2001) 

experimentally fed the snail Potamopyrgus antipodarum and the mayfly 

Deleatidium sp. with organic matter contaminated with different quantity of 

inorganic sediment, and showed that even the smallest contamination would 

severely affect the growth rate of the mayfly, whilst the snail showed the greatest 

growth rate at intermediate levels of contaminations. Their findings are consistent 

with those of Suren (2005) who concluded that Potamopyrgus was more tolerant 

to sedimentation than Deleatidium, which constantly avoided sediment 

contaminated cobbles. The snail tolerance was attributed either to the ingestion of
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trace nutrients in the sediment, or to the abrasive mechanism of sediment 

rupturing algal cells thus increasing snail grazing rate.

Suren & Jowett (2001) found an increased number drifting individuals of the 

mayflies Deleatidium sp., the amphipod Paracalliope fluviatilis and the caddisfly 

Hydrobiosis sp. from sediment treated artificial channel, but could not determine 

whether the increased drift was caused by a reduction of suitable habitat, 

periphyton quality or which mechanism was more relevant to each taxon.

Extreme sedimentation events resulting in burial of benthic organisms are 

probably rare, but the relatively few studies concerning burial response have 

shown how different taxa behave in markedly different ways.

In an ex-situ experiment Wood et a l (2005) analysed the response of four 

common taxa to burial by different sediment sizes at two depth. While Baetis 

rhodani nymphs were unable to excavate themselves from any of the sediment, 

the plecopteran Nemoura cambrica excavated itself from all the sediment classes 

and depth of burial. The isopod Asellus aquaticus, which is normally associated 

with fine sediments (Extence, 1981), escaped rapidly from sediments <lmm, but 

needed much longer time to escape from sediment >lmm, and was entrapped by 

sediment >4mm. Finally, the trichopteran Hydropsyche pellucidula was trapped in 

particles <500pm.

Wood et a l (2001), describing the response of the Limnephilidae Malampophylax 

mucoreus to rapid sedimentation, demonstrated that variability within different 

life stages also occur, for the response was size dependent; larvae that became 

trapped were generally smaller.

The Chironomidae family also showed inconsistent response to sediments 

accumulation in both surveys and experiments. The sub-family Chironominae, 

commonly associated with organic-rich silt, often appeared to be negatively 

affected by increasing fines, contrary to expectations. Both Angradi (1999) and 

Cover et a l (2008) attributed this trend to the filling of interstitial habitat and a 

dilution of organic matter by inorganic particles.

Also, two grazers with similar habitat requirements (Rithrogena and Glossosoma) 

responded differently to reduce periphyton quality in silted locations, with 

Rithrogena displaying increased drift rates and reduced densities and Glossosoma 

showing milder responses. Differences in feeding-appendages morphology and in 

feeding efficiency under resource competition were invoked as possible
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explanations in this case (Molinos & Donohue, 2009). These considerations also 

show that caution is needed when interpreting functional changes in sediment 

impacted locations.

Individual adaptation may also mask sediment effects. In a paired mesocosm 

experiment using invertebrates from upland and lowland locations, Connolly & 

Pearson (2007) observed the stronger responses of Baetidae, Leptophlebiidae and 

Chironomidae from upland locations compared to the same taxa from lowland 

sites where sediment loads where already higher.

2.8 Main effects on fish

Fish have great economical importance throughout the world, both as resource 

and as recreational items. For this reason the literature on the effect of suspended 

sediment has been mostly focused on these organisms (Waters, 1995). As with 

other taxa, fish are certainly adapted to short time increases in sediment 

concentration due to natural events, and obviously certain species are much more 

tolerant than others. Species inhabiting natural clear water such as salmonids are 

likely to be more sensitive, therefore much of the research was limited to salmon 

and trout streams, whilst studies on warmwater fish are relatively few (Waters, 

1995).

The effects of sedimentation and turbidity on fish have been thoroughly reviewed 

by Cordone & Kelley (1961), Bruton (1985) and Waters (1995).

Direct mortality due to suspended sediment is quite rare, especially in adults, 

which will avoid impacted reaches. Reynolds et al.{ 1989) observed 50% mortality 

in Arctic grayling sac fry exposed to sediments from a placer gold mine compared 

to 19% mortality in the control reaches. Scullion and Edwards (1980) observed an 

extremely high (>80%) mortality of Rainbow trout eggs and alevins in stream 

receiving ferruginous and suspended solid wastes.

Sublethal effects of suspensoids are much more documented and involve: reduced 

tolerance to diseases and toxicants (Redding, Schreck & Everest, 1987); 

impairment of respiratory functions by clogging and damaging gills (Bruton, 

1985); reduced feeding capability and growth rate for visual feeders (Bruton, 

1985; Rowe & Dean, 1998); avoidance behaviour, which in terms of stream
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productivity is equal to total fish mortality (Waters, 1995). Bottom-up effects are 

certainly affecting most predator taxa when sediment inputs are reducing benthic 

invertebrate abundance and diversity (Suttle et a l , 2004).

Sedimentation, however, is most detrimental to the reproductive success of 

salmon and trout. Almost all salmonids in flowing waters build redds for egg 

deposition that also represent very efficient sediment traps. Since eggs and 

embryos rely on intragravel flow as the main source of oxygen, deposition of fines 

and even larger particles within the redd can dramatically reduce gravel 

permeability and dissolved oxygen supply; this can result in declined egg and 

alevins survival and reduced fry weight (Turnpenny & Williams, 1980; Waters, 

1995; Argent & Flebbe, 1999; Julien & Bergeron, 2006). More specifically, 

sediment infiltrating within the redds inhibit incubation success by: (1) reducing 

gravel permeability, and thus the passage of oxygenated water (Heywood & 

Walling, 2003); (2) reducing intragravel oxygen concentration when sediments 

are associated with O2 consuming material (Dumas et al, 2007); (3) reducing the 

oxygen exchange across the egg membrane via clay-size particles deposition 

(Turnpenny & Williams, 1980). In addition, when a layer of consolidated 

sediments is deposited over the redd, emerging fry could be trapped (Waters, 

1995).

Not only deposited fines can reduce the reproductive success and food resources 

but can dramatically alter the physical environment required by fish at different 

life stages. Rearing habitats, providing necessary protection for both juveniles and 

adults progressively disappear with increasing deposition. Particles filling the 

interstitial spaces of riffles reduce vital space for fry as retreats, and deposition in 

pools reduces water depth necessary for larger fish (Waters, 1995; Zuellig et al., 

2002).

In addition, other benthic fishes such as sculpins and bullies (Jowett & Boustead, 

2001) may be severely affected by siltation with reduced density and unbalanced 

age classes frequently observed (Harvey, 1986; Mebane, 2001). The entire fish 

assemblage might be altered by anthropogenic changes in sediment regimes 

(Sutherland, Meyer & Gardiner, 2002). Richardson & Jowett (2002) observed a 

reduced abundance and diversity of the whole fish community with increasing 

sediment loads with up to nine fish species in streams with low sediment
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concentration and only two species in sediment impacted streams. In 30 piedmont 

streams north of Atlanta catchment urbanization was associated with reduced bed- 

particle sizes and increased baseflow NTU thus favouring cosmopolitan fish 

species over endemic taxa (Walters, Leigh & Bearden, 1993). Rabeni & Smale

(1995) considered feeding and reproductive guilds of fish communities as useful 

indicators of siltation, with benthic insectivores and lithophilous spawners being 

the most sensitive. Mol & Ouboter (2004), reported altered age structure, higher 

proportion of surface feeding fish and lower proportion of visually orienting fish 

in a tropical stream draining a gold-mine. Mebane (2001) also proposed fish 

species age class structure as a valid indicator of sediment stress. In fact, different 

life-stages of fish have different tolerance to sediment, thus studying single life- 

stages in isolation could lead to incorrect predictions of population-level effects 

(Curry & MacNeill, 2004). More generally, the effects detected on certain life 

stages might be the result of earlier life-stage response.

Also, as previously noted with invertebrates, individual tolerance may contribute 

to variable response to sediment stress. In their innovative study, Bunt et al, 

(2004) measured the physiological response (cardiovascular performance) of rock 

bass to experimental silt loads. Specimen from river habitats that already 

experienced high silt loads acclimatised rapidly and showed no stress response, 

while specimen from silt-free lakes showed cardiac and respiratory impairment.

2.9 Knowledge gaps and research needs

Ecosystem and larger scale processes

Despite the fact that research on ecological effects of fine sediment in aquatic 

environments has increasingly focused on functional aspects of ecological 

responses, our understanding of how the effects observed at smaller scale actually 

scale-up to influence large scale dynamics and ecosystem-wide consequences is 

relatively poor (Fig. 2.2; Table 2.2). Besides primary production (Graham, 1990; 

Davies-Colley et a l, 1992; Yamada & Nakamura, 2002), albeit with some 

discordances (Parkhill & Gulliver, 2002), the effects of siltation on other 

ecosystem processes (e.g. nutrient cycling, organic matter retention) are largely 

unknown (Table 2.3).
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Also, as the biological conditions of stream and rivers are naturally changing 

along the longitudinal axis, organisms’ responses to sediment are likely to show 

complex relationship with the catchment across a wide range of spatial scales. For 

instance, I may know patterns of local deposition processes, but the final fate of 

fine particles entraining the river channel and their pattern of deposition and 

resuspension along the river as a whole are unclear (Wood & Armitage, 1999). 

The longitudinal reduction of sediment sizes also suggests that lowland reaches 

may support fine sediment-adapted taxa relatively tolerant to further supply of 

fines. However, this may be only partly correct as many rivers are characterised 

by so called “sedimentary links” separated by recruitment points of coarser 

substrata (tributaries, landslides) (Rice & Church, 1998; Rice, Greenwood & 

Joyce, 2001). Manipulative experiments over larger spatial scales along the river 

continuum and in diverse catchment contexts would certainly aid our 

understanding of realistic biological responses and ecosystem consequences of 

sediments effects.

Sources and confounds

Probably the most challenging research needs to develop predictive models of 

ecological sediments effects are to i) recognise a “signal” of anthropogenic 

alteration of sediment regimes over a background of natural processes, ii) identify 

likely sources in a given stream section and catchment, and iii) disentangle 

sediments effects from that of many associated stressors in impacted 

environments.

Defining a benchmark of sediment yield in a completely natural and undisturbed 

context is rarely possible (Reid & Frostick, 1994), therefore understanding what is 

the natural range of sediment regime for a given catchment, and how it differs 

from an anthropogenic modified regime is a problematic task. Besides the 

frequency and rate of supply, anthropogenic sediments are likely to differ from 

naturally occurring one in many aspects including grain size / sorting and 

chemical properties (organic matter content, nutrients, contaminants). In this 

perspective, stream conservation and management would benefit from further 

development of fingerprinting techniques able to identify catchments sediment 

sources with significant confidence (Walling, 2005). This would facilitate the 

control of anthropogenic sediment inputs via prevention, interdiction and
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restoration (Waters, 1995): if the primary source is recognized as being the 

catchment surface, it is likely to derive from bare soil erosion, excessive land-use 

or increased runoff from urban areas and attention must be paid on better land 

management. If the main source is the channel, sediment delivery can be reduced 

controlling bank erosion by impeding livestock grazing in the channel and 

promoting riparian buffer strips.

Finally, most of the current knowledge on fine sediment effects derives from 

either surveys or small scale experiments, which either have the disadvantages of 

dealing with multiple uncontrolled confounds or suffer from limited realism. 

Larger manipulative field experiments, although logistically demanding, would 

help us to identify the individual and combined effects of multiple stream 

stressors (Townsed et al 2008). For example’ following a factorial BACI 

approach, different sediment types (e.g. grain sizes, associated nutrients) could be 

used to impact streams in variable pre-existing conditions or draining diverse 

land-uses. However, disentangling sediment effects from the multi-scale multi­

factor web of influences within lotic systems is virtually impossible (Fig. 2.3).

As mentioned before, further studies should also aim to understand how biotic 

interactions mediate sediment effects and how such effects scale up in the trophic 

chain. For example, very few studies have specifically assessed the response of 

different life stages of amphibians, although high sensitivity is expected (Welsh & 

Ollivier, 1998; Wood & Richardson, 2009). Further, bottom-up effects are also 

likely to affect other semi-aquatic organisms such as river birds and otters 

(Collier, 2004). Resent research also showed that riparian terrestrial invertebrates 

may be negatively affected by stream bed embeddedness, but formal testing is 

very scarce (Paetzold, Yoshimura & Tockner, 2008). Even less is known about 

the effects of sediment deposition on microbial metabolism and the trophic 

transfer across the microbial web. For example, denitrification rates have been 

shown to significantly increase in sediment deposits of less then 2mm in grain 

size (Solomon et al, 2009). Also, there is evidence that, especially in small 

streams, benthic bacteria are far more abundant and active than suspended 

bacteria (Allan, 1995); increasing sediment deposits and organic matter might 

then favour microbial production.
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2.11 Tables and Figures

Table 2.1- Main anthropogenic activities altering sediment regimes and common 

associated covariates in flowing waters.

Anthropogenic activity Sediment change Main associated covariates

Agriculture (diffuse) Quantity, chemical properties, 

particle size

Water quality, loss o f  riparian 

buffers

Forestry (point) Organic content, regime Loss o f  riparian buffer, T range

Mining (point) Quantity, chemical 

properties, particle size

Water quality, loss o f  buffer strips

Water abstraction (diffuse) Regime Altered hydrology, loss o f  habitat

Livestock grazing (point) Quantity, chemical properties Water quality, bank erosion

Urbanization (point/diffuse) Regime, chemical properties Water quality, altered hydrology

Dams / straightening (point) Quantity, regime Altered river continuum, 

lateral exchange
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Table 2.2 -Sediment effects on ecosystem processes / properties. Potential 

consequences of sediment deposition are likely to be context dependent.

Ecological process / property Potential effect Rationale

1) Primary production Reduced Decrease Chlorophyll a  content and periphyton 
biomass, increase non-living periphyton. Reduce algal 
diversity. However, increased photosynthetic 
efficiency can compensate irradiance loss (Parkhill & 
Gulliver, 2002). A lso, where sediments are associated 
with nutrients antagonistic effects are possible.

2) Secondary production Reduced Decrease in fish and invertebrate diversity and 
biomass. However, sediment associated nutrients can 
favour some taxa through increased primary production 
(Townsend et a l., 2008).

3) Organic matter 
decomposition.

Leaf breakdown

Variable (?) Shredders are generally less sensitive to sedimentation 
(Rabeni et al., 2005), which could, however, decrease 
resource palatability (Kreutzweiser et al., 2005).

Sediments may bury coarse organic matter, making it 
inaccessible (Spanhoff, Augspurger & Kusel, 2007), 
but associated nutrients can enhance decomposition 
rates (Benstead et al, 2005). See also points 5 - 6 .

4) Import / Export o f  organic 
matter.

Longitudinal transport

(?) Fine grained deposits could decrease substratum 
heterogeneity and retentiveness. However, fme 
sediments could store large amounts o f  fme detritus 
(Metzler & Smock, 1990).

Decline in sensitive filter feeding organism could 
increase POM transport downstream.

5) Assimilative capacity Reduced (?) Sedimentation can reduce aquatic plants able to trap 
nutrients (but see point 1). It also depends on microbial 
response to sediments (see next point).

6) Bacterial metabolism Increased (?) Deposits o f  fme grains have been shown to increase 
denitrification rates (Solom on et al., 2009).

7) Resistance / Resilience Reduced (?) Loss o f  hyporheic refugium reduces resilience 
(Richards & Bacon, 1994; Olsen & Townsend, 2003).

However, sediment-rich location could host pre­
adapted tolerant taxa.

Also, local adaptation may buffer negative effects and 
increase resistance (e.g. Connolly & Pearson, 2007).
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Fig. 2.1 - Flowchart summarising the main effects of suspended and bedload 

sediments on stream biota and habitat.
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Fig. 2.2. Effects of sediment deposition on stream habitats at different scales.

The temporal scale is not necessarily representing sediment residence time that 

changes according to flow regime and sediment re-supply.

Effects on 1: direct mechanical stress on organisms; filling interstices; reducing 

suitable habitat; reducing dissolved oxygen concentration.

Effects on 2: altering habitat mosaics; clogging riffles and filling pools; 

homogenizing stream bed structure.

Effects on 3: reducing primary production and whole stream metabolism.

Effects on 4 and 5: effects on ecosystem scale processes are not clear.

Interactions among scales are playing a major role in determining the global 

effects.

-Small scale dynamics scale-up to affect larger scale processes (i.e. loss of 

hyporheic refugia can reduce ecosystem resistance / resilience; reduced grazers, 

filterers and detritivores abundance affects whole stream metabolism and organic 

matter input/export).

-Large scale features influence smaller scale effects (i.e. catchment characteristics 

such as land-use, soil type and topography affect sediment quality/quantity, 

regime and in-stream behaviour).
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Sensitivity of catchment (geology, flow regime) and biota (life-history traits, resilience)
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Fig. 2.3. Complex inter-relations of fluvial sediments with other processes and 

disturbances. The observed ecological effect of sedimentation on stream 

organisms is the result of: (1) direct impact of in-stream sediments and related 

characteristics; (2) direct influence of channel and catchment processes and 

disturbances; (3) direct influence of other general stresses; (4) the reciprocal 

influence of these factors and processes on each other; (5) the sensitivity of the 

catchment, stream and organisms. The overall sensitivity depends on catchment 

and stream physical and chemical features, organism’s traits, historical 

disturbances, individual adaptation and susceptibility to other stresses.
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Chapter 3 - Scale-dependent effects of fine 

sediments on temperate headwater invertebrates

Summary

1. Anthropogenic activities can increase fine sediment supply to streams over 
multiple spatial and temporal extents. Identifying the processes responsible, 
and the scale at which any effects on stream organisms become evident, are 
key management needs, but appropriately scaled surveys are surprisingly few.

2. I surveyed macroinvertebrates and superficial fine sediments at two spatial 
resolutions (reach- and patch-scale) in tributaries of the River Usk, a temperate, 
montane catchment in rural Wales (UK). Land use, habitat and 
geomorphological character were measured on-site or derived from an existing 
database (= Fluvial Audit). I aimed to identify: i) how in-stream sediments 
varied with land use and associated geomorphology; ii) likely consequences for 
macroinvertebrates and iii) any scale-dependence in relationships between 
macroinvertebrates and sediment character.

3. At both the reach- and patch-scales, bed cover by fine sediment was related 
directly to the extent of eroding banks 500m upstream. In turn, sedimentation 
and bank erosion were negatively correlated with catchment or riparian 
woodland extent.

4. At the reach scale, macroinvertebrate composition varied with catchment 
land use and stream chemistry, with richness declining as rough grazing or 
woodland was replaced by improved grassland. There was no response to 
deposited sediment except for weak increase in the relative abundance of 
oligochaetes.

5. By contrast, at the patch scale, fine sediments were accompanied by 
pronounced changes in invertebrate composition, and I ranked the 27 most 
common taxa according to their apparent sediment tolerance. General 
estimating equations (GEE) showed that total and EPT richness decreased 
significantly by 20% and 25% at the most sediment impacted sites (30% cover) 
by comparison with sediment-free sites.

6. I conclude that sediment deposition in the Usk system reflects local bank 
erosion, with riparian woodland likely to mediate this process through bank 
stability. Fine sediment release had marked ecological effects, but these were 
detectable only at patch-to-patch scales. I suggest that investigation of localised 
sediment release in streams will benefit from scale-dependent or scale-specific 
sampling, and some effects could go undetected unless sample resolution is 
selected carefully.
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3.1 Introduction

Many physico-chemical variables that influence benthic invertebrate in rivers 

are mediated by catchment characteristics (Bunn & Davies, 2000; Imhof et a l , 

1996; Ankers, Walling & Smith, 2003). These effects are scale-dependent 

because regional or catchment features influence processes at smaller spatial 

extents (Ciesielka & Bailey, 2007; Mykra, Heino & Muotka, 2007; Townsend, 

Doledec, Norris et a l , 2003). A good example is where catchment or riparian 

land-use and geology determine sediment and nutrient runoff into streams 

(Bond, 2004; Niyogi et a l , 2007b; Opperman, Lohse, Brooks et a l, 2005; 

Rabeni & Smale, 1995; McPherson & Riley, 2006; Jones, Neale, Nash et a l, 

2001). In turn, the deposition of fine sediment, often from anthropogenic 

activities, can have major consequences for stream organisms (Davies-Colley 

et a l, 1992; Gayraud et a l, 2002; Gray & Ward, 1982; Greig, Sear & Carling, 

2005a; Luedtke & Brusven, 1976; Newcombe & MacDonald, 1991; Waters,

1995).

In reality, quantitative understanding of the ecological effects of sediments and 

the mechanisms involved is poor (Angradi, 1999; Davies-Colley et a l, 1992; 

Gard, 2002; Parkhill & Gulliver, 2002; Strand & Merritt, 1997; Broekenhuizen 

et a l, 2001). Knowledge of interactions among catchment land-use, diffuse 

sediment release and ecological effects is particularly uncertain for several 

reasons (Matthaei et a l, 2006). First, anthropogenic effects on sediment 

regimes range from catchment modification (e.g. agriculture) to local habitat 

alteration (e.g. livestock trampling), so that the exact source of sediments in 

any one location can seldom be identified readily (Imhof et a l,  1996). 

Secondly, much recent research in physical geography has aimed at 

parameterising sediment regimes without exploring the response of organisms 

(Collins & Walling, 2007; Walling & Amos, 1999; Walling, Collins, 

Sichingabula et a l, 2001). Thirdly, the ecological effects of sediment from 

anthropogenic sources, especially over large spatial or temporal extents, can be 

masked by natural variability. For instance, some types of agricultural 

intensification or the removal of riparian woodland might increase erosion and 

fme sediment release to streams, but also they alter temperature, organic matter
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supply and nutrient fluxes (Osborne & Kovacic, 1993; Roth, Allan & Erickson,

1996). As a result, identifying the scale, severity and impact of altered 

sediment fluxes in catchments affected by more general chemical or eco- 

hydromorphological degradation, has become a management need (Feld, 

2004). While the extent and resolution (grain) of these investigations can 

influence findings, scale dependence is seldom explicitly included in 

monitoring programmes or experimental design. Ideally, in impact-assessment 

studies, the scales of measurement and organism responses should coincide. By 

increasing resolution (i.e. using more smaller-size sampling units) variation in 

response variables and sensitivity of statistical tests should also increase (e.g. 

Smiley & Dibble, 2008).

By combining two consecutive surveys at different resolution, in this paper I 

aimed to understand the apparent causes and extent of sediment deposition in a 

temperate, montane river system (the Usk, Wales), and to identify the scale at 

which any effects were relevant to stream invertebrates. The Usk catchment is 

particularly suitable for this purpose because, in comparison with adjacent 

catchments such as the Wye (e.g. Ormerod & Edwards 1987), dominant 

geology and major aspects of ionic composition are relatively homogeneous, 

thereby reducing confounding ecological effects. While effects on stream 

function from urbanization are negligible and localised, the sandstone- 

dominated catchments of the Usk are liable to be sensitive to sediment 

mobilisation (Sable & Wohl, 2006). Finally, land-use varies from semi-natural 

upland vegetation to modified improved grassland, implying possible effects 

on sediment release.

Our principal objectives were, first, to identify how in-stream sediment 

character varied between locations in relation to land use at different scales 

(riparian vs catchment). Secondly, I aimed to assess the extent to which 

variation in invertebrate composition among sites reflected sediment character 

or other habitat features in the channel, riparian zone and catchment. Thirdly, I 

aimed to identify any scale-dependence in apparent relationships between 

macroinvertebrates and sediment character. Two main predictions were tested:
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i) Variation in observed deposited sediments should be explained by riparian 

and catchment land-use and associated processes, namely bank erosion.

ii) Invertebrates should respond to deposited sediments, but I expected 

different macroinvertebrate patterns to be detectable by changing spatial 

resolution. At larger spatial extents, I expected that links between organisms, 

altitude and dominant land-use should be most evident, while at the patch scale 

local effects, such as deposited sediments, should be detectable.

3.2 Methods

Study area

The River Usk is one of the largest rivers in Wales, with a main channel 120 

km long and catchment area 1358 square km. One the most important game 

fisheries in England and Wales, the Usk rises in rough grazing land at an 

altitude of 500 metres on Mynydd Du (National Grid Reference SN819239; 

51.52N, 03.50W) before flowing eastwards along the northern face of the 

Brecon Beacons and then southwards to its confluence with the Severn 

Estuary.

From its source on the Black Mountain, the river flows over sandstones and 

mudstones of the Old Red Sandstone Series, with soil types a blend of brown 

earths or peat and gley soils on wetter plateaus. The dominantly rural area is 

sparsely populated (< 20 people/km ) and therefore urbanization has negligible 

impact. In this temperate and relatively maritime location, annual average 

precipitation over the catchment averages 1336 mm, but exceeds 2500 mm in 

some upland locations. Groundwater contributions, even to typical dry weather 

flow, are modest (c 15%), and river discharges fluctuate rapidly with rainfall 

(Environment Agency, 1998). This combination of factors brings some risks of 

both sediment release and sediment in-wash making the Usk an ideal 

catchment to investigate sedimentation effects. Moreover, stream waters in the 

rural parts of the Usk catchment are clean and well-oxygenated, and 

concentrations of plant nutrients are generally low. Otherwise, waters are
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relatively rich and fairly uniform in carbonate concentration, so that few 

organisms are limited by base-cation availability (Table 1).

Survey design

The first extensive survey (2006; ‘reach-scale survey’) comprised 32 reaches 

along 18 second-order tributaries mainly draining semi-natural upland 

vegetation (bracken, heath, moorland, acid grassland) and improved grassland 

used as rough grazing land, while woodland vegetation cover never exceeds 

34% of any catchment. Sampling reaches were selected to cover the main land- 

use typology present in the study area, but selection was restricted to reaches 

where depth, flow velocity, stream width and particle size distribution were 

similar. Fourteen streams were sampled on two reaches and four streams on 

one reach, depending on accessibility and stream length. The altitudinal range 

was 190-400 m a.s.l. and distance between two reaches in a stream never 

exceeded 8 km. Although there was a risk that replicate reaches within streams 

might not be independent, all results and conclusions were unchanged when 

only one reach per stream was analyzed, thus the entire dataset was used.

The subsequent patch-scale survey, carried out in 2007 at locations nested 

within 12 previously sampled reaches on eight of the streams (see Table 1), 

was designed specifically to assess within reach effects of sediment deposition, 

i.e. at finer resolution. Informed by the results of the reach-scale survey, 

locations for patch sampling were selected to represent both upland and 

grassland while covering a range of sediment conditions. Sampling was again 

restricted to riffle-glide habitats, where depths and velocities were measured. 

Depending on their availability, three to six patches per reach were sampled in 

a ~15m long section, for a combined total of 56 patch samples.

Environmental variables

Reach scale survey. I used a combination of field measurements and available 

data to characterise conditions in each of the 32 survey reaches. In the field, 

basic measurements of channel width, depth and flow velocity were taken 

along a 10 m stretch, averaged from three values. The percentage of surface
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water overhung by riparian vegetation was also estimated. Next, substratum 

composition was assessed over each 10m section using a modified version of 

the UK Environment Agency’s River Habitat Survey (Environment Agency, 

2003), where the proportionate bed-cover of bedrock, boulder, cobble, gravel, 

sand, fme sand, clay and earth were estimated. Deposited fine sediment (< 

2mm) cover within a (300 cm ) circular quadrat was estimated as the 

percentage of stream bed, in 5 % increments, covered by fme particles (Platts, 

Megaham & Minshall, 1983; Rabeni et al., 2005). Twelve estimations in two 

transects over the 10 m section were combined and the mean determined. 

Although these twelve observations covered only a small portion of the stream 

bed, they were sufficient to allow reaches to be ranked along the sedimentation 

gradient.

To characterise typical size distribution of fme sediments across all reaches, 

composite samples of fme sediment were collected from ten reaches of seven 

relatively sediment-rich streams, and then sediment composition determined 

using dry sieving.

In order to support the field measurements, additional data were retrieved as far 

as possible for each reach from the ‘Fluvial Audit’ database for the upper Usk 

tributaries. Designed and progressively applied across British rivers by the 

GeoData Institute (Southampton), Fluvial Audit uses contemporary field 

survey, historical and contemporary maps, documentary information and 

scientific literature resources to gain a comprehensive understanding of the 

geomorphological controls on a given river systems (Emery & Hill 2005). The 

Audit is both qualitative and quantitative, and from the latter data I took the 

length of eroding banks for 27 of our reaches where direct field observation 

had been previously been digitalised (Emery & Hill, 2005). The extent of 

erosion was calculated for 1 km and 500 m upstream of the sample sites using 

Arc-GIS (ESRI, 2004).

Land-use for each reach was calculated at two spatial extents, respectively a 

150 m wide buffer on each side of the stream for 1 km upstream and the whole 

catchment area draining to each site. Land-use data were extracted from
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existing GIS land cover layer created by the Countryside Council for Wales 

(CCW, 2002), the statutory Welsh agency for nature conservation and 

landscape protection. Catchment areas were derived using a 10 x 10 m 

resolution Digital Elevation Map of the Usk catchment (CCW, 2002). Slope 

classes were derived for every catchment, and low and high relief was 

calculated as the proportion of catchment with slopes <10% and > 30% 

respectively.

Chemical data, obtained from the UK Environment Agency’s Water 

Management Information System (WMIS) and based on standard methods 

(Standing Committee of Analysts, 1979; Standing Committee of Analysts, 

1981; Standing Committee of Analysts, 1987; Standing Committee of 

Analysts, 1992), were available for 12 of the reaches (38%) as monthly 

concentrations of nitrate (mg/1), phosphate (mg/1), Biological Oxygen Demand 

(BOD mg/1), water hardness as CaC0 3  (mg/1) and pH data (Table 1). Means 

were calculated for the year antecedent to invertebrate sampling. Although 

incomplete, these chemical data drained both grassland and semi-natural 

upland vegetation, and allowed an assessment of the extent to which water 

quality might have confounded or subsumed the ecological effects of fine 

sediments. Most reaches without chemical data were the highest altitude 

locations where improved grasslands were less frequent, and nutrient 

concentrations would have been low.

Patch scale survey. All environmental data for the patch-scale survey were 

collected in the field. At each sampling site (~ 3m ), I made ten visual 

estimates of deposited sediment immediately around the invertebrate Surber 

sampler (see below) and averaged these values. To complement these 

estimates, the amount of suspendable sediment from the stream bed was also 

measured at 45 of the patch-scale sites, with four measurements made around 

each Surber location. A large metal box (24 x 18 x 80 cm) was pushed into the 

substratum and sediments from c 2 cm depth were entrained in the measurable 

volume of water within the box by mixing with a ruler. Suspended sediments 

within the range of 0.063-1 mm were filtered from 1 liter of water, dried at 

100-105 C° for 24h, weighted and calculated as g /m2. Organic material was
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reduced by washing and decanting. Water depth and flow velocity were also 

recorded at each site.

Macroinvertebrate sampling

Reach-scale survey. Benthic macroinvertebrates were collected, and reach- 

habitat characteristics recorded, in June and July 2006, when annual discharge 

was expected to be lowest and deposited sediments were stable and visible. 

Invertebrate sampling was restricted to fast flowing habitats (glides, riffles, 

with velocities typically < 55 cm/s) since pools and margins naturally collect 

fine material. To collect macroinvertebrates, a kick sample of three minutes 

duration was taken both from riffles and glides over a 10 m reach, using a 

standard hand-net (Environment Agency, 1999; mesh 0.9mm, area 25 cm ). 

For this extensive survey I specifically used a hand net as it is widely used in 

biological monitoring programmes, such as RIVPACS (Wright, Furse & Moss, 

1998), and I have investigated this method extensively (Bradley & Ormerod, 

2002).

Note that, in both reach- and patch-scale surveys, I have assumed that a single 

sampling occasion is sufficient to reflect both assemblage composition and 

relationship with sediment cover, thus ignoring sediment dynamics or possible 

sediment release during events (Environment Agency, 1998). This assumption 

is justifiable because many of the organisms recorded have univoltine life 

cycles (or longer) so that assemblage composition should reflect antecedent 

conditions. In addition, our approach was designed to characterise variations 

between invertebrates and sediments at multiple sites rather than dynamics 

within sites.

Patch-scale survey. To capture smaller-scale variations, and cover specifically 

a well-defined area of streambed where sediment conditions were assessed, I 

collected macroinvertebrates for the patch-scale survey using a Surber sampler 

in June and July 2007 (0.16 m2; 0.44mm). Because of this difference timing 

and methods from the reach-scale survey, I compared reach-scale pattern 

among invertebrates generated from kick-samples and aggregated within-reach
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Surber data. The outcomes of this evaluation are reported at the end of the 

results section.

Both patch- and reach-scale samples were preserved immediately in ethanol. In 

the laboratory, macroinvertebrates were sorted and identified as far as possible 

to species (Edington & Hildrew, 1981; Elliott, Humpesch & Macan, 1988; 

Friday, 1988; Wallace, Wallace & Philipson, 2003). Diptera were identified to 

family and oligochaetes were not identified further.

Data analysis

To help interpret reach-scale pattern among invertebrates, I first used principal 

components analysis (PCA) to derive variates that described substratum 

(Substratum PCA) conditions as well as catchment and riparian land-use 

(Catchment PCA and Riparian PCA respectively). I quantified land-use 

variations in this way because percentages of individual land-use coverage are 

not independent, and principal components avoided any multicolinearity 

(Bruns, 2005; Rier & King, 1996). Land-use percentages were arc sin (x/100)°5 

transformed prior to PC As to homogenise variances. Land-use categories 

quantified were improved grassland, arable farmland, urban, upland vegetation 

and woodland, but urban land cover was omitted from the Catchment PCA 

since its extent was small.

Also prior to any other analysis, Detrended Correspondence Analysis (DCA) 

was used on both sets of invertebrate data (reach and patch) to identify the 

main variations in macroinvertebrate assemblage composition, which could 

then be related to measured environmental variables in subsequent analyses. 

This form of unconstrained ordination was preferred to constrained ordination 

because it produces easily interpretable plots, it can reveal whether important 

environmental variables have been overlooked and it is generally regarded as a 

superior analytical tool because clear hypothesis testing can occur in 

subsequent steps (Jongman, Ter Braak & Van Tongeren, 1995). Analyses were 

run with both arithmetic and transformed abundances, but results were similar 

and only arithmetic abundances were used in subsequent analyses.
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To assess how in-stream sediments varied with land use and associated 

geomorphology (objective i), I assessed relationships between percentage 

cover by deposited sediments, land use and other environmental variables 

using Spearman rank correlation. Relationships among ordination axes, PCA 

axes and physical-chemical variables were examined with Pearson product- 

moment correlation.

To assess any consequences of sediments for macroinvertebrates (objective ii), 

based on expectations from previous studies (Angradi, 1999; Braccia & 

Voshell, 2007; Fossati, Wasson, Hery et al., 2001a; Kreutzweiser et al., 2005; 

Quinn et al., 1992; Waters, 1995; Zweig & Rabeni, 2001), I examined 

invertebrate abundance, composition and richness, EPT abundance and 

richness, Shannon diversity, and the relative abundances of individual taxa (as 

proportions for example of Coleoptera, Chironomidae and Oligochaeta) in 

relation to sediment features using generalized estimating equations (GEEs). 

Since multiple patches per reach were sampled in the 2007 survey, samples 

could not be treated as independent in conventional regression analyses. GEEs 

allow the analysis of data collected in clusters where within-cluster correlation 

is expected (i.e. patches from the same reach might be more similar than 

patches from different reaches). Accounting for the lack of statistical 

independence between samples, regression coefficients and variance are 

adjusted to avoid spurious correlations to be observed (Vaughan, Noble & 

Ormerod, 2007; Blaustein, Kotler & Ward, 1995; Zorn, 2001). Spatially or 

temporally correlated data occur often in ecological research and this approach 

is a valuable tool (Vaughan et al., 2007). GEEs models were run using R 

(Ihaka & Gentleman, 1996) using the program geeglm from the library 

geepack (Halekoh, Hojsgaard & Yan, 2006). Sequential Bonferroni correction 

was not applied because a priori hypotheses were formulated about 

invertebrates metrics and sediment features (Moran, 2003).

I identified any scale-dependence in apparent relationships between 

macroinvertebrates and sediment character (objective iii) by comparing the 

patterns generated between the reach- and patch-scale data. From the patch- 

scale survey, results were sufficiently clear to allow an assessment of the
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apparent tolerance to deposited sediment for the 27 most widespread taxa, 

occurring in more than 12 sites (20%). Curves relating the cumulative 

abundance of each taxon to the amount of deposited sediments were 

constructed and the percentage sediment cover at which each reached 50% 

abundance was determined. Following Zweig & Rabeni (2001), I assumed that 

intolerant taxa should reach 50% of their cumulative abundance at lower levels 

of deposited sediments.

3.3 Results

Reach scale: deposited sediments, land-use and channel geomorphology 

Major patterns in land use and substratum were captured well by principal 

components analyses. Two principal components explained 66% of the 

variation in riparian land-use, and up to 90% of the land-use variation at the 

catchment scale. Both Catchment and Riparian PCI values represented a 

gradient from improved grassland to semi-natural upland vegetation, but with 

inverted signs; PC2 values were mostly related to woodland cover. In other 

words, land use varied in similar ways in both the riparian zone and catchment 

(r = -0.75; P<0.01 for PCsl; r = -0.5; P =0.03 for PCs2) with the major 

gradients a trend from improved grassland to upland vegetation and increasing 

woodland cover (Table 2.2).

In the stream channel, over 55% of the variance in substratum composition was 

explained by Substratum PCI. Values correlated positively with the proportion 

of boulder and bedrock (loadings: 0.82 and 0.74) and negatively with gravel 

and fine sand (loadings: -0.91 and -0.78) thus describing a gradient from fine to 

coarse substrata. The amount of the channel surface covered by fine 

sediments, as estimated from the reach scale survey, ranged from 1 to 75% 

cover among reaches. Sieving revealed that most fine sediments were mainly 

(>82%) composed of sand (2-0.25mm) and fine sand (0.25-0.125 mm), 

whereas silt and clay content was very low.

60



Up to 500m-lkm upstream from each sampling point, the proportion of eroding 

banks ranged over 0 -  53%, and 0 -  49%, respectively. Fine sediment cover 

increased strongly with the proportion of eroding banks 500 m upstream (rs = 

0.77; P 0 .0 0 1 ; n =27) and more weakly to bank erosion 1 km upstream (rs = 

0.59; P= 0.001; n = 27). Sediment cover was also related to land use PC2 in 

both the riparian zone and catchment. This mostly reflected trends with 

woodlands (Fig.3), fme sediments on the bed declining with both riparian (rs = 

0.39; P = 0.02; n =32) and catchment woodland cover (rs = 0.62; P 0 .0 0 1 ; n 

=31). Proportions of eroding banks (1 km upstream) and riparian woodland 

were also negatively correlated (rs =0.6; P 0 .0 0 1 ; n =27; Fig. 3.3). 

Interestingly, and contrary to expectation, steep slopes did not increase 

sediment delivery, and instead sediment cover declined as the proportion of 

catchment with slope > 30% increased (rs = -0.39; P = 0.02; n =31). This effect 

arose because woodland cover increased on the steeper slopes (rs = 0.54; P = 

0.001; n = 31).

Deposited sediments were unrelated to either upland or improved grassland 

vegetation, but nitrate concentrations (rs=0.6; P=0.04; n = 11) and BOD (rs = 

0.72; P  = 0.01; n =11) increased where catchments had more improved grass. 

There was some correlation between cover by fme deposited sediment and 

nitrate (rs=0.6, P=0.02; n =12), but this largely reflected the effect of just two 

streams (Honddu and Rhiangoll. See Table 3.1). On these grounds, any 

sediment effects would be unlikely to be confounded by nutrients, but nutrients 

effects could reflect variations in land use (c.f. Niyogi et a l , 2007b).

Reach-scale: assemblage composition

Over 70,000 individual invertebrates from 74 taxa were collected during the 

2006 reach-scale surveys, but 16 taxa present in fewer than 5 samples were not 

considered in multivariate analyses (Table 3.5). Ephemerella ignita was the 

most abundant species, followed by chironomids, Baetis rhodani, simuliids and 

Gammaruspulex. (All naming authorities are given in Table 3.5.).

In DC A, two axes explained >37 % of species variation, with Caenis 

rivulorum, Baetis muticus, Rhithrogena semicolorata, Chloroperla
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tripuncatata, Dinocras cephalotes, Perla bipunctata and Helodidae all 

increasing along axis 1 while Gammarus pulex, B. scambus, B. fuscatus, 

Ceratopogonidae and the coleopteran Oreodytes sanmarkii declined. However, 

no trends in species composition were related to in-stream sediments or other 

channel features. DCA axis 1 (24%) instead varied with nitrate concentration (r 

=-0.66; P=0.01; n =12), Catchment land use PCI (r =-0.49; PO .O l; n =31) and 

Riparian land use PCI (r =0.36; P=0.04; n =32). There was also a tendency for 

DCA axis 1 scores to vary with water hardness (r =-0.58; P=0.04; n =12). No 

correlations were evident for DCA axis 2.

In other words, despite wide variations in fine sediment cover and bank 

erosion, reach-scale variations among invertebrates were most closely related 

to catchment land use and water quality, following a gradient from upland to 

improved grassland vegetation.

Reach-scale: invertebrate metrics

Besides a weak increase in the relative abundance (%) of Oligochaeta with 

increasing sediment cover (rs=0.36; P =0.04; n =32), assemblage metrics at the 

reach scale were unrelated to fine sediment. However, in keeping with the 

apparent effects on species composition, macroinvertebrate diversity, % 

coleoptera and % chironomids were reduced in improved grasslands as 

represented by Catchment PCI (rs= -0.48 to -0.43; P=0.008 to 0.01; n =31).

Patch-scale: deposited sediments

Among the 56 locations in the patch-scale survey, depth ranged over 8 -  27 cm 

and current velocity 11 -  57 cm/s. Observed variation in sediment cover at this 

scale ranged over 1 -  35 % and, while these values are lower than those for the 

reach-scale survey, these detailed estimations were once again related to the 

extent of eroding banks 500m upstream (rs = 0.66; P = 0.02; n =11). 

Suspendable sediments ranged from 2 - 1 4 7  g/m2 and were directly related to 

deposited sediment cover (rs = 0.74; P < 0.001; n = 45). Flow velocity did not 

influence deposited or suspendable sediments over the range observed (p > 

0.05), but both sediment cover (rs = 0.33; P = 0.01; n =56) and suspendable 

sediments (rs = 0.37; P = 0.01; n =45) increased with depth.
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Patch-scale: assemblage composition

Around 23,000 individual invertebrates from 69 taxa were collected in the 

2007 patch-scale survey, this richness being comparable to the reach scale 

survey (74) despite the smaller number of animals collected. Ephemerella 

ignita, Baetis rhodani and chironomids were again the most abundant 

organisms. However, after removing taxa occurring in <5 samples, only 40 

were included in the DCA (Fig.3.4).

In contrast to the reach-scale survey, ordination patterns from the patch data 

were related strongly to sediments. The first two DCA axes explained 35 % of 

the variation in species composition, with axis 1 (23%) representing a gradient 

from shallower sites with less suspendable sediments (rs = -0.47; P<0.01) to 

deeper sites (rs = 0.36; P = 0.006). Axis 2 (12%) was also positively correlated 

with suspendable sediments (rs = 0.61; P 0 .001), more weakly to sediment 

cover (rs = 0.35; P = 0.007) and negatively with flow velocity (rs = - 0.32; P = 

0 .01).

Patch-scale: invertebrate metrics

Also in contrast to the reach-scale survey, GEE modeling showed that several 

invertebrate metrics were related to sediment cover and suspendable sediments. 

For example, total taxon richness and EPT richness were reduced in sediment- 

rich sites (Table 3.3). On average, total richness declined by c 5 taxa, and EPT 

richness by 4 taxa at the most sediment-impacted locations (c 30% cover), or 

respectively 20% and 25% of richness at sites free of any sediment (Fig. 3.5). 

Except for an increase in the relative abundance of Oligochaeta with depth (r = 

0.36; P <0.01), there were no relationships between invertebrate metrics and 

either depth or current velocity, which might have been expected if these 

factors were confounding effects ascribed to sediments.

Because of the apparent effects on invertebrates of land use detected in the 

reach-scale survey, I investigated how fine-scaled effects might be reflected 

within land use types. Reduction in richness was consistent between the upland
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and improved grassland areas, but there were more significant relationships 

between sediments and invertebrates in the former (Table 3.3). At upland 

locations (n = 24), sediment cover and suspendable sediments increased from 1 

to 23 % and 2 to 49 g/m , leading apparently to increased invertebrate 

abundances (particularly oligochaetes) but reductions in EPT richness, 

Shannon diversity and the relative abundance of both Coleoptera and 

Chironomidae. At grassland locations (n = 32), sediment cover and 

suspendable sediments increased from 3 to 35 % and 1.7 to 147 g/m 

respectively, accompanied by reductions in taxon richness and total abundance. 

Other metrics were only marginally affected (e.g. P values c 0.09).

Patch-scale: individual species tolerance to sediments

Far clearer relationships with sediments at the patch scale allowed some 

assessment of varying tolerance among species. Based on their cumulative 

abundance curves (Fig.3.6), the most common taxa were ordered from the most 

sensitive to the most tolerant (Table 3.4). The trichopteran Hydropsyche 

instabilis and the plecopteran Perla bipunctata were apparently the most 

sediment-intolerant species, along with Helodidae and Simulidae. By contrast, 

Tipulidae, Oligochaeta and the coleopteran Oreodytes sanmarkii, appeared the 

most tolerant.

Methodological evaluations

In the 12 reaches where invertebrates were collected in subsequent years by 

both kick-samples and aggregated Surber samples, axis 1 DCA scores were 

highly inter-correlated between the two methods (r = 0.86, n = 12; PO.OOl) 

implying that both collected near-identical assemblages. Moreover, besides a 

decrease in the proportion of Coleoptera (rs = -0.7; P<0.01), there were no 

other significant correlations between reach-wide metrics based on aggregated 

Surber samples and sediment features averaged at the reach-scale. In other 

words, when using fine-scale methods at the same sampling resolution as the 

reach-scale survey, sediment effects were far less detectable. This result 

confirms that differences in survey outcome between the patch and reach-scale 

survey were not due to differences in the timing or method of invertebrate 

collection.
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In a second methodological evaluation, I assessed whether patch-scale effects 

of sediments were still apparent within those streams with sufficient variation 

in sediment cover. In the Afon Cynrig (sediment cover 2.5-35%) and Ysgir 

Fechan (10 -  27%) EPT richness declined consistently with increasing 

suspendable sediments or sediment cover (rs = -0.81 to -0.88, n = 6-7; P = 0.02- 

0.01). In the Afon Honndu (9.5 - 28.7%) %EPT declined with increasing 

suspendable sediments (rs = -0.76; n=8; P=0.02). However, in the Bran (6.5 -  

31%) no effects were evident on community metrics.

Also, in the Cynrig, total taxon richness declined with increasing sediments (rs 

= -0.84; P = 0.01, n = 7) and in the Ysgir Fechan the relative abundance of 

Oligochaeta increased (rs = 0.81; P = 0.04; n =6). Therefore, the responses of 

invertebrates to sediments were generally consistent within streams and even 

with reduced sample size.

3.4 Discussion

Linkages among riparian or catchment land-use, erosion and sediment 

behaviour in streams are increasingly well established (Opperman et a l, 2005; 

Rabeni & Smale, 1995; McPherson & Riley, 2006). Awareness of the 

ecological significance of suspended and bedload sediments is growing, 

particularly in anthropogenically modified catchments and where there are 

important resources such as salmonids or other organisms of high conservation 

value (Owens et a l, 2005; Walling, Collins & McMellin, 2003). 

Understanding the factors controlling the spatial variability of sediments and 

their effects is therefore an important management requirement. Although 

derived from an extensive, correlative survey across locations, our data offer 

some support for these needs in upland, temperate streams.

In support of the first of our hypotheses, more than 59% of the variation in 

deposited sediments in the Usk was explained by local (500 m) bank erosion. 

Catchment woodland cover was also an important correlate, supporting its role 

in preventing the release of fine sediments into the channel (Opperman et a l ,
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2005; Zimmerman, Vondracek & Westra, 2003). In turn, bank erosion 

appeared to be mediated by riparian land use, with wooded vegetation likely to 

limit sediment release by stabilising stream banks. This finding accords with 

the general pattern of sediment sources for other rivers in this region, as 

assessed by fingerprinting methodologies, where channel and sub-surface 

sources are the major contributors to in-stream sediments (Walling et al., 

2003). Also, fine sediments collected in our streams were mostly composed of 

coarser sand fractions likely to originate from the channel (Knighton, 1998). 

However, other factors beside woodland cover must affect sediment supply in 

the study area, since relatively low sedimentation was also observed in some 

grassland reaches with eroded banks. Although Townsend et al. (2004) 

suggested that marginal pastures could increase stock trampling and bank 

instability, there is evidence that grassland buffers can be effective sediment 

filters, especially of the coarse fraction (Dosskey, Hoagland & Brandle, 2007; 

Le Bissonnais, Lecomte & Cerdan, 2004; Mankin, Ngandu, Barden et a l , 

2007). Temporal variability and seasonality in bed sediment cover and direct 

livestock access to streams might also be involved (Mclver & Mclnnis, 2007; 

Walling et al., 2003). In these instances, destabilization of stream banks due to 

over-grazing coupled with footpaths and roads running across steep slopes can 

be responsible for disproportionately large increases in sediment delivery -  

even very locally -  but no such occurrences were apparent in our data.

Scale-dependent effects

Our second hypothesis, that relationships between invertebrates and sediments 

should be scale dependent, was also supported strongly, and this result raises 

some methodological and management issues. Few other studies have 

addressed this hypothesis (e.g. Smiley & Dibble, 2008; Townsend, Scarsbrook 

& Doledec, 1997), and in all cases significant effects were observed mostly at 

the finest spatial resolution.

At broader, reach-scales, neither assemblage nor invertebrate metrics revealed 

any large effects of sediments, with most invertebrate variations instead 

tracking land-use change from upland to improved grassland. Such significant 

land-use effects on stream biota occur often where native vegetation changes to
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pasture or agriculture (Braccia & Voshell, 2007; Niyogi et al., 2007b), and 

mechanisms include altered hydrology (Allan et al. 1997, Davies-Colley 1997), 

nutrient release, and allochthonous or solar energy flux (Burdon & Harding, 

2008; Osborne & Kovacic, 1993). Reduced invertebrate diversity observed in 

pasture reaches in the Usk is likely to have reflected changes in water quality 

as both nitrates and BOD were higher in grassland. Even small changes in 

these variables, similar to those detected here, were sufficient to affect 

invertebrates in the adjacent Wye (Clews & Ormerod, 2009). Most of the 

remaining reach-scale variation in invertebrate composition remained 

unexplained, as is common in surveys, and largely depends on the number of 

sites and taxa (Leps & Smilauer, 2003). Nevertheless, the increased abundance 

of oligochaetes in sediment-enriched reaches showed that some localised 

effects were detectable even at this scale.

Apparent sediment effects on organisms became far clearer at increased 

sampling resolution, i.e. in units of decreased sample size that captured within- 

reach variation. Overall composition and associated invertebrate metrics 

responded predictably to increasing fme sediments measured as both bed cover 

and suspendable material, with overall taxon richness and EPT taxon richness 

respectively 20% and 25% lower at the most sediment-impacted sites than in 

locations free of sediments. Besides the proportion of Oligochaeta, none of the 

invertebrate metrics related to sediments correlated with other micro-habitat 

features, such as current velocity or water depth, implying that the correlations 

were not spurious. However, one interesting methodological point to emerge 

was that estimates of sediment cover differed between surveys at reach- and 

patch-scales. Although the values were correlated with each other (rs=0.62; 

P=0.03) and with measures of bank erosion, the latter produced lower estimates 

(1-35% cover) than the former (1-75%). A further corollary is the patch-scale 

measurements evidently detected sedimentation effects on organisms at 

substantially lower values of cover than could occur at the reach scale without 

such effects. Almost certainly, these differences reflect the gain in 

measurement accuracy at the finer scale, when 10 observations were made 

immediately around each Surber sampler as opposed to 12 estimates spread 

sparsely in two transects over entire reaches. Not only were there more
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measurements per unit area at the finer scale, but also they were taken directly 

adjacent to the point of biological sampling. At the same time, there is a 

potential sampling bias in that Surber sampling is constrained to operate in 

substrata of finer particle sizes (i.e. avoiding boulders and bedrock) where 

sediment deposition effects could be greatest.

The net outcome from the patch-scale survey was that variations in 

composition, invertebrate diversity and EPT richness could be related to 

sediment cover, with results supporting previous work. Generally consistent 

effects of sedimentation on overall diversity and EPT taxa in North America 

(Fossati et al., 2001a; Kreutzweiser et a l , 2005; Zweig & Rabeni, 2001), 

Australia and New Zealand (Downes, Lake, Glaister et al., 2005; Matthaei et 

al., 2006; Quinn et a l, 1992) imply that the same general processes must be 

involved, linked also with shared biological traits among sensitive organisms. 

Similarly, Braccia & Voshell (2006) found relative abundance of Coleoptera to 

be consistently related to fme sediment in cattle impacted streams. In some 

cases, where sediment cover reaches 100%, effects can be even stronger than 

those I detected (Zweig & Rabeni, 2001). In our example, those taxa most 

sensitive to sediments, as identified from the cumulative abundance curves, 

were Hydropsyche instabilis and Perla bipunctata, both species normally 

associated with fast-flowing and sediment-free habitats. For hydropsychids, 

previous data suggest that sensitivity can arise due to the effects of suspended 

sediments on feeding nets (e.g. Strand & Merritt, 1997), and similar 

mechanisms might be responsible for the decreased abundance among filter- 

feeding simuliids. With some authors calling for the development of more 

pressure-specific metrics through which stream organisms can be used to 

diagnose reasons for stream impairment, rather than just detecting it (Clews & 

Ormerod, 2009), further data ranking the specific sensitivities of invertebrates 

to fme sediments would be valuable.

Interestingly, the patch-scale data revealed that some effects of varying 

sediment occurred only within land-use types. Invertebrate assemblages in 

upland locations showed the stronger response to sediments, with almost all 

invertebrate metrics highly significantly affected by sedimentation. The
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response of Chironomidae to sedimentation must, however, be interpreted with 

caution considering their wide ranging habitat and feeding strategies. Even at 

the sub-family level, Orthocladiinae and Chironominae respond respectively 

negatively and positively to sediment accumulation, so that family level 

identification is inadequate to appraise response (Angradi, 1999). Increased 

invertebrate abundance in upland locations with increasing sediment cover is 

somewhat contrary to expectation but linked to the increased abundance of 

sediment tolerant oligochaetes as well as the stonefly, Leutra moselyi.

By contrast, sediment effects on invertebrates in grassland locations were 

weaker, even though this is where the largest sediment accumulations occurred. 

One possibility is that effects were masked here because invertebrate diversity 

was already lower than in upland locations, linked possibly to nutrient 

concentrations. These results support those from experiments by Matthaei et 

al.(2006), who showed that sediments affect streams with the greatest 

invertebrate diversity where previous sediment effects have been small. As in 

our upland sites, these workers also observed a moderate increase in 

invertebrate density with increasing sediment cover. In combination, this 

previous study and ours suggest that sediment effects on macroinvertebrate 

communities might depend on the diversity and sensitivity of organisms 

present, with streams in semi-natural catchments at greatest risk of impairment.

Overview

Overall, I conclude that sediment deposition in this upland, temperate river 

system mostly reflects local bank erosion, particularly interacting with riparian 

and catchment woodland cover. Ecological effects on organisms occur mostly 

in upland locations, where reductions in richness at the most sediment-affected 

sites were substantial, and there are three general implications.

First, the interaction between woodland, sediment release and ecological 

effects is important in this British river catchment where many riparian trees 

have been removed for agriculture, and only now are being restored through a 

range of agri-environment and riparian management schemes. Sediment
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controls are only one such benefit from carefully riparian-zone maintenance 

(Petersen, Masters, Hildrew et al., 2004).

Secondly, ecological effects in the Usk occurred even though most of the fine 

sediments involved were coarser, non-flocculating sand rather than silt and 

clay. Elsewhere, these finer fractions substantially alter substratum quality, 

reduce interstitial flow, alter oxygen exchange and increase ion-exchange 

capacity (Schalchli, 1992; Brunke & Gonser, 1997), and are considered to be 

responsible for many of the negative effects on stream organisms (Waters, 

1995). This fraction was a minor substratum component in our study streams, 

yet some effects were still detectable.

Thirdly, the detection of such effects was scale-dependent. This implies that 

sediment effects may be influenced by larger catchment controls, while 

requiring also a finer-scale approach that might have been more accurate for 

sediment effects in the Usk. I suggest that the assessment of the effects of 

diffuse anthropogenic sediment can benefit from a scale-specific approach, in 

which local (i.e. reach-based) effects can be separated from broader (i.e. 

whole-stream, catchment) influences. Of more direct management importance, 

sediment effects could go undetected without appropriately scaled 

investigation.
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Table 3.1 Means (± sd) of the main physico-chemical and channel 

characteristics of the study streams in the Usk catchment, south-east Wales. 

The number (2) indicates that two reaches were sampled in the 2006 survey 

while * indicates those streams selected for the 2007 patch-scale survey. NA 

indicates that data were not available for the given stream.

River N itrate
(m g/l)

P h o sp h a te
(mg/l)

H ard n ess
(mg/l)

BOD (mg/l) Flow velocity 
(m /s)

W idth (m) D epth  (cm)

Afon Ysgir * 0 .9 9  (0.39) 0.01 (0.01) 68 .2  (26.7) 1 .1 8 (0 .7 7 ) 0 .34  (0.10) 6 .50  (0.5) 19.5 (7.4)
Bran (2) * 0 .8 6  (0.51) 0.01 (0.01) 58.4  (20.5) 1.13 (0.72) 0 .32  (0.08) 4 .7  (0.35) 1 9 (7 .7 )
C aerfanell 0 .6 5  (0.33) 0.01 (0.01) 6 0 .6  (57.9) 1 .0 (0 .3 8 ) 0 .22  (0.02) 3 .0  (0.5) 12 (2.1)
C am lais (2) NA NA NA NA 0 .34  (0.03) 3 .0  (0.9) 15 .7  (3.1)
Cilieni (2) NA NA NA NA 0.32  (0.09) 4 .2  (2.47) 12 (0.7)
Crai (2) 0 .6 7  (0.89) 0 .03  (0.18) 4 9 .5 (1 6 .2 ) 1.20 (0.34) 0 .37  (0.03) 5 .5  (0.70) 1 3 .7 (1 .7 )
Cynrig (2) * 0 .9 2  (0.38) 0.01 (0.01) 95 .6  (191) 1.1 (0.50) 0 .38  (0.12) 3 .00  (1.0) 13.9 (3.6)

Eithrim NA NA NA NA 0 .22  (0.06) 1 .50 (0.3) 12.5 (1.2)
G rw yne Faw r (2) 1 .20 (0.2) 0 .02  (0.06) 90.1 (27.1) 1.1 (0.50) 0 .37  (0.18) 5 (1 .4 1 ) 1 8 .9 (1 0 )
G rw yne F ech an  (2) NA NA NA NA 0.41 (0.15) 3.2 (0.35) 1 6 (6 .3 )
H onddu (2) * 1 .58  (0.6) 0 .02  (0.02) 9 2 .6  (28.2) 1 .24  (0.80) 0 .45  (0.19) 5 (2.83) 2 0 .4  (7.5)
Hydfer * 0 .68  (1.1) 0.01 (0.02) 50 .5  (20.2) 0 .97  (0.50) 0 .40  (0.20) 5 .00  (0.7) 9 .4  (3.2)
M enascin  (2) 0 .90  (0.8) 0.01 (0.02) 7 4 .3 (3 3 .1 ) 0 .97  (0.35) 0 .25  (0.02) 3 .2  (0.35) 1 2 .8 (3 .1 )
Rhiangoll (2) 1 .50 (0.4) 0 .02  (0.01) 146.9  (38.5) 1.29  (0.92) 0 .34  (0.06) 2 (0 .7 1 ) 1 3 .4 (1 .2 )
S enni (2) * 0 .92  (0.64) 0 .04  (0.01) 76.8  (29.0) 1 .1 9 (0 .5 1 ) 0 .23  (0.03) 4 .5  (3.52) 1 3 .3 (2 .4 )
Tarell (2) * 0 .96  (0.33) 0 .02  (0.02) 9 6 .9 (1 5 4 .1 ) 1.08 (0.65) 0 .55  (0.01) 5 (2.12) 2 0 .5  (4.6)
Ysgir Faw r (2) NA NA NA NA 0 .34  (0.01) 3 .7 (1 .7 7 ) 1 5 .2 (3 .3 )
Y sgir F e c h a n  (2) * NA NA NA NA 0 .30  (0.13) 4 (1 .4 1 ) 1 5 (1 .8 )
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Chapter 3 -  Scale dependent effects

Table 3.2 Loadings onto the first two Principal Components revealing trends in 

catchment and riparian land-use in the Usk catchment, south-east Wales.

Values in parentheses are the percentages of variance explained by each 

principal component.

__________________________ Catchment PCs______________ Riparian PCs______
Land use type PC1 (68% ) PC2 (22% ) PC1 (39% ) PC2 (27% ) 

Improved  
grassland  

Upland 
vegetation  
Woodland  
Urban 
Arable

0.91 -0.22 -0.91 0.05

-0.98 -0.05 0.74 0.59

0.52 0.84 0.42 -0 .76
N.A. N.A. -0 .13 -0 .59
0.82 -0.35 -0.61 0.25
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Chapter 3 -  Scale dependent effects

Table 3.3 Invertebrate response shown by General Estimating Equations in 

the catchment of the River Usk to sediment cover and measured suspendable 

sediments at the patch-scale at all sites and in upland and improved grassland 

locations. Values of r are shown at * = P < 0.05 and **=/ >< o.Ol. (See Fig. 5 

for an example).

All locations Upland locations Grassland locations

Metrics

Sediment 
cover (%)

Suspendable
sediments

Sediment 
cover (%)

Suspendable
sediments

Sediment 
cover (%)

Suspendable
sediments

(N=56) (N=45) (N=24) (N =18) (N=32) (N=27)

Taxon richness -0 .4 1  ** - 0.40 ** - 0.29 * N.S. -0.42 * N.S.

EPT richness - 0.45 ** - 0.44 ** -0 .5 2  ** N.S. N.S. N.S.

% EPT N.S. N.S. 0.51 ** 0.57 ** N.S. N.S.

Shannon Index N.S. N.S. -0 .4 7  ** - 0.63 ** N.S. N.S.

Total abundance N.S. N.S. 0.50 * 0.80 ** -0 .4 1  * - 0.40 *

% Chironomidae N.S. N.S. -0 .4 9  ** - 0.65 ** N.S. N.S.

% Coleoptera N.S. N.S. - 0.64 ** - 0 .69 ** N.S. N.S.

% Oligochaeta N.S. N.S. N.S. N.S. N.S. N.S.
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Chapter 3 -  Scale dependent effects

Table 3.4 Ranking of 27 common taxa based on their 50% abundance 

in relation to cumulative sediment cover (see Fig. 6).

Taxon Order Sediment cover (%) 
for 50% abundance

Hydropsyche instabilis Trichoptera 1.5
Perla bipunctata Plecoptera 2.5
Helodidae Coleoptera 3.1

Simulidae Diptera 3.5
Caenis rivulorum Ephemeroptera 4.5
Sericostoma personatum Trichoptera 4.7
Hydraena gracilis Coleoptera 4.7
Hydropsyche siltalai Trichoptera 5.3
Baetis scambus Ephemeroptera 6
Elmis aenea Coleoptera 6.3
Rhyacophila spp. Trichoptera 6.3
Chironomidae Diptera 6.3
Esolus parallelepipedus Coleoptera 6.6
Heptagenia lateralis Ephemeroptera 8.3
Rhithrogena semicolor ata Ephemeroptera 8.9
Ephemerella ignita Ephemeroptera 9.1
Limnius volkmari Coleoptera 9.1
Baetis rhodani Ephemeroptera 9.5
Leuctra geniculata Plecoptera 9.8
Baetis muticus Ephemeroptera 10
Leuctra moselyi Plecoptera 10
Ecdyonurus sp. Ephemeroptera 10.6
Chloroperla torrentium Plecoptera 11.2
Odontocerum albicorne Trichoptera 12
Tipulidae Diptera 12
Oligochaeta Anellida 12.7
Oreodytes sanmarkii Coleoptera 13.1
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Chapter 3 -  Scale dependent effects

Table 3.5 Complete list of taxa collected in the 2006 and 2007 surveys in the 

Usk catchment, South-east Wales.

Agapetus sp.

Amphinemura sulcicollis (Stephens)

Ancylidae

Asellus sp.

Athericidae

Baetis fuscatus (Linnaeus)

Baetis muticus (Linnaeus)

Baetis rhodani (Pictet)

Baetis scambus Eaton 

Brachycentrus subnubilus Curtis 

Caenis rivulorum Eaton 

Centroptilium pennatulum Eaton 

Ceratopogonidae 

Chironomidae

Chloroperla torrentium (Pictet) 

Chloroperla tripunctata (Scopoli) 

Dinocras cephalotes (Curtis) 

Dytiscidae 

Dixidae

Drusus annulatus Stephens 

Ecdyonurus torrentis Kimmins 

Ecdyonurus venosus (Fabricus)

Elm is aenea (Muller)

Empididae

Ephemera danica Muller 

Ephemerella ignita (Poda)

Esolus parallelepipedus (Muler) 

Gammarus /w/exLinnaeus 

Gyrinidae 

Glossosoma sp.

Goeridae

Habrophlebia fusca (Curtis) 

Halesus spp.

Helodidae

Helophorus brevipalpis Bedel 

Heptagenia lateralis (Curtis) 

Heptagenia sulphurea (Muller) 

Hydaena gracilis Germar 

Hydropsyche instabilis (Curtis)

Hydropsyche siltalai Dohler 

Hydroptilia sp.

Irudinea

Isoperla grammatica (Poda) 

Lepidostoma hirtum (Fabricus) 

Leptophlebiidae 

Leuctra geniculata (Stephens)

Leuctra inermis Kempny 

Leuctra moselyi Morton 

Leuctraa nigra (Oliver)

Limnius volckmari (Panzer) 

Lumbricidae 

Lymneidae 

Notonectidae

Odontocerum albicorne (Scopoli) 

Oligochaeta

Oreodytes sanmarkii (Sahlberg) 

Oulimnius tuberculatus (Muller)

Perla bipunctata Pictet 

Philopotamus montanus (Donovan) 

Pisidium sp.

Planorbidae

Plectrocnemia conspersa (Curtis) 

Polycelis spp.

Potamophylax sp.

Poycentropus flavomaculatus{Pictet) 

Rhyacophila dorsalis (Curtis) 

Rhyacophila munda McLachlan 

Rhyacophila obliterata McLachlan 

Rhyacophila septentrionis McLachlan 

Rhithrogena semicolorata (Curtis) 

Sericostoma personatum (Spence)

Silo pallipes (Fabricus)

Simulidae 

Sphaerium sp.

Tabanids

Tipulidae

Womaldia subnigra McLachlan 

Wormaldia occipitalis (Pictet)_______
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selected for the 2006 reach-scale survey.
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Fig. 3.2 Significant relationships between fine sediment cover, estimated from 

the reach scale survey, and the extent of eroding banks for 500 upstream, 

riparian and catchment woodland cover in the Usk catchment, south-east 

Wales.
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Fig. 3.4 Detrended Correspondence Analysis (DCA) plot of taxa from the 2007 

patch -scale survey. Axis 1 mainly represented increased water depth, while 

fine sediment cover and suspendable sediments increased along axis 2. For 

clarity not all taxa are included.
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Chapter 4 - Habitat modification and the 

conservation of species’ traits in temperate river 

invertebrates

Summary

1. Freshwaters have rapid rates of species’ extinction and compositional 
change resulting from anthropogenic modification at multiple spatial scales. 
Biological traits offer a means to appraise the conservation impacts, but there 
have been few investigations. In the Usk river system (Wales, UK), I sampled 
macroinvertebrates at two spatial extents to investigate how catchment-scale 
intensification and patch-scale deposition of sediments affected overall trait 
diversity as well as species of contrasting trait character.

2. Species-trait composition varied as semi-natural catchments gave way to 
intensified pasture. Larger, longer-lived organisms declined while modified 
sites were occupied by resilient taxa with small body size, polivoltinism, 
ovoviviparity and strong dispersal. At the patch-scale, sedimentation was 
accompanied by changes in behavioural or feeding-trait representation; 
detritivores, herbivores, deposit feeders and burrowers increased while 
filterers, predators and attached taxa declined. Trait diversity was reduced by 
modification at both scales. Sites affected by land-use intensification and local 
sedimentation were occupied by nested subsets of species, implying that 
modified locations lost specialist taxa while retaining generalists.

3. I conclude that habitat modification in this catchment has had systematic 
effects on species of contrasting character. Sedimentation has altered feeding- 
trait representation substantially, but only locally. By contrast, large-scale 
intensification has apparently reduced the frequency of specialised, longer- 
lived invertebrates. These K-strategists might be at risk from the loss of semi­
natural habitats in river catchments more generally, implying the need to 
conserve river-catchment integrity. Biological traits provide unique insight to 
the conservation impacts of anthropogenic modification in rivers, and parallels 
between the traits of affected organisms in aquatic and terrestrial ecosystems 
suggest that similar ecological processes might operate.
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4.1 Introduction

Biodiversity loss and impairment are occurring at unprecedented rates, with 

climate change, habitat modification and habitat loss among the major drivers 

(Travis, 2003). Although such effects are widely recognised in terrestrial 

habitats, particularly in the tropics, less attention has been paid to freshwaters, 

where extinction rates now appear to be rapid (Ricciardi & Rasmussen, 1999; 

Clausnitzer et al, in press). These effects arise from the array and extent of 

stressors on freshwaters not only directly, for example from pollution, water 

abstraction, impoundment and introduced species, but also indirectly from the 

extensive conversion of river and lake catchments for agriculture or other 

human uses (Allan, 1995; Richter et al, 1997).

Despite long-standing efforts to quantify the biological impairment of streams 

and rivers, there is still only limited understanding of the types of organisms at 

risk, and of the conservation consequences. This is partly because different 

stressors combine to affect river systems at multiple scales (Vannote et al, 

1980; Allan, 2004; Townsend, Uhlmann & Matthaei, 2008), but also because 

most ecological assessment in freshwaters focuses on the taxonomic identity of 

affected organisms rather their ecological character (e.g. Hellawell, 1986; 

Rosenber & Resh, 1993; e.g. Davy-Bowker et al, 2005). This taxonomically- 

led approach not only prevents regional comparison of stressor effects, 

organism sensitivities and conservation impacts, but also it limits mechanistic 

understanding, predictability and transportability of management responses 

(Gayraud & Philippe, 2003).

Evidence that species’ sensitivities to environmental change are non-random 

has stimulated attempts to identify the ecological or biological traits of 

vulnerable organisms. For example, across many biological systems, extinction 

proneness is related to life-history specialization, body mass and reproductive 

rate (Duffy, 2003; Kotiaho et al, 2005; Olden, Hogan & Vander Zanden, 

2007). These effects arise because environmental constraints shape local 

species assemblages by ‘filtering’ specific species’ traits in such a way that

90



only organisms whose resource requirements are met in any given location can 

establish or maintain viable populations (Southwood, 1977; Usseglio-Polatera 

& Tachet, 1994; Richards et al, 1997). Conversely, other species are excluded, 

where resources are lost, so rapidly through environmental change that they 

can neither persist nor establish in new locations (Duffy, 2003).

Trait-based approaches to understanding environmental change and selection, 

initially developed in entomology, have been applied increasingly to freshwater 

invertebrates, mostly in Europe, where information on species life-history is 

readily available (Statzner, Hildrew & Resh, 2001). So far, however, most 

applications have focused on biological monitoring, pollution assessment and 

restoration (Gayraud & Philippe, 2003; Statzner, Bonada & Doledec, 2007; 

Horrigan & Baird, 2008; Paillex et al, 2009; Tullos et al, 2009). Applications 

aimed at understanding how wider environmental change in river systems 

affects species loss, ecological impairment and conservation have been scarcer 

(Bonada, Doledec & Statzner, 2007; Doledec & Statzner, 2008; Townsend et 

al., 2008). This is despite clear relevance to river conservation biology, and to 

the comparison of impairment processes between terrestrial and aquatic 

environments (Purvis et al, 2000).

Among the anthropogenic impairments that affect streams and rivers, 

modifications to catchment land-use and alterations in sediment release are 

among the most widespread (Waters, 1995). At the catchment scale or in the 

riparian zone, the conversion of semi-natural habitats to agriculture typically 

alters energy flux, hydrology, hydrochemistry, thermal regimes and habitat 

availability (e.g. Manel, Buckton & Ormerod, 2000). Associated alterations in 

sediment release can have effects on aquatic organisms (Lemly, 1982; 

Newcombe & MacDonald, 1991; Waters, 1995; Gayraud, Herouin & Philippe, 

2002; Parkhill & Gulliver, 2002; Greig, Sear & Carling, 2005), but their 

detection is problematic where sediments occur against a background of wider 

land-use change. In the Usk Catchment in Wales, for instance, localised 

sediment release had effects on invertebrates that were only detectable by 

either experiments or scale-specific approaches that separated local 

sedimentation from larger catchment influences (Larsen, Vaughan & Ormerod,
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2009; Larsen & Ormerod, in press). These circumstances, where effects at 

different scales might mask each others’ conservation implications, make this 

problem a particularly interesting one in which to examine the value of trait- 

based assessments.

In this paper, I investigate how anthropogenic modification of a temperate river 

catchment at two spatial extents, reach/catchment change in land use and 

patch-scale sediment deposition, has been associated with effects on 

macroinvertebrates of contrasting trait character, overall trait diversity and the 

relative drop-out of specialist versus generalist species.

First, based on observations relating trait representation to land use change and 

sedimentation, I formulated a priori hypotheses regarding specific trait 

response to modification. As natural catchment vegetation is converted into 

improved pasture, traits conferring rapid population growth and increased 

resilience should be favoured (Doledec et al, 2006). Species with resilience 

traits should also be more common in patches impaired by sedimentation 

where effects on feeding and behavioural character should also arise (Richards 

et al., 1997; Rabeni, Doisy & Zweig, 2005; Townsend et a l , 2008). 

Specifically, burrowing organisms should be more common in sediment- 

affected patches while filter feeding and grazing organisms should be impaired 

(Table 1). Secondly, I examined whether overall trait diversity was affected by 

either land-use intensity or local sediment deposition.

All of these foregoing effects would have intrinsic conservation ramifications if 

they resulted in the systematic loss or impairment of organisms of specific trait 

character. Additional conservation effects might arise if the resulting losses 

altered species representation, for example by eliminating specialists rather 

than generalists. I examined this possibility by assessing patterns of nestedness 

across communities at impaired versus less-impaired locations. Nested patterns 

occur where species present at species-poor sites form a sub-set of the species 

occurring in richer locations (Atmar & Patterson, 1993; Rodriguez-Girones & 

Santamaria, 2006). In a perfectly nested matrix, rarer species are exclusive to 

species-rich locations, whereas in a non-nested system rare species could also
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occur in species-poor locations and common species may be absent from richer 

sites. Although sometimes criticised for apparent limitations in predicting 

extinction-prone species (e.g. Donlan et al, 2005), this method is being applied 

increasingly to appraise conservation effects in different ecosystem types 

(Fernandez-Juricic, 2002; Schouten et al, 2007; Horsak & Cemohorsky, 2008). 

I wanted to know whether trait-dependent sensitivity to land use and sediments 

affected species composition through such nested effects (Fleishman et al, 

2007). I hypothesised that, because species differ in their sensitivities to 

modification, then, local selection, extinction (i.e. local drop-out) and 

colonisation should generate nested patterns as increasingly intensive land-use 

or increased sedimentation favour generalists over specialist taxa (Cutler, 1991; 

Atmar & Patterson, 1993; Heino, Mykra & Muotka, 2009).

4.2 Methods

Study area

The Usk, in south-central Wales (UK), is notified as a Special Area of 

Conservation under the Habitats Directive (92/43/EEC) and holds one of the 

most important game fisheries in England and Wales. The catchment is 

suitable for appraising combined land-use and sedimentation effects because 

ionic composition and geology are relatively homogeneous across the 

catchment (e.g. total oxidised nitrogen 0.65-1.58 mg/L hardness 49.5-146 

mg/L), while urbanization is negligible. Moreover, land-use varies from semi­

natural upland vegetation to increasingly intensive pastoral grassland over a 

sandstone dominated catchment that is sensitive to sediment mobilisation 

(Larsen et al., 2009).

Survey design

The overall survey design, study locations and analytical approaches have been 

described by Larsen et al. (2009), who also demonstrated statistical 

independence among the survey sites. Briefly, a reach-scale survey was carried 

on in summer 2006 to assessed catchment and reach-scale influences on 

invertebrates and their trait structure. It involved 32 catchment reaches over an
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altitudinal range of 190-400 m a.s.l. along 18 second-order tributaries draining 

semi-natural upland vegetation (bracken, heath, moorland, acid grassland) and 

improved pasture grassland. Deciduous woodland never exceeded 34% of any 

catchment. While covering the main land-uses, reaches were selected to 

minimize variations in depth, flow velocity, stream width and particle size 

distribution. Fourteen streams were sampled along two reaches and four 

streams on one reach, depending on accessibility and stream length.

In 2007, a patch-scale survey assessed within-reach effects of sediment 

deposition at locations nested within 12 previously sampled reaches on eight 

streams, again focussing on invertebrates and their traits. Stream patches (c. 

3m ) represented both upland and pasture grassland while covering a wide 

range of sediment conditions. Only riffle-glide habitats were included. 

According to availability, three to six patches per reach were sampled in a 

~15m long section, for a combined total of 56 patches.

Environmental variables -  reach-scale

Land-use data were extracted from an existing GIS land-cover layer created by 

the Countryside Council for Wales (CCW, 2002). For every reach, land-use 

was calculated for the whole catchment area as well as for a 150 m wide buffer 

on each side of the stream up to 1 km upstream. Variation among 

macroinvertebrate species assemblages at this scale is mostly related to 

catchment and riparian land-use, namely the percentage of pasture grassland 

(Larsen et al., 2009). Because riparian and catchment land-use are correlated 

closely, I use only improved grassland as a primary descriptor of land-use 

intensity.

Monthly concentrations of nitrate (mg/L), phosphate (mg/L), Biochemical 

Oxygen Demand (BOD mg/L), water hardness as CaC0 3  (mg/L) and pH were 

available for 12 reaches from the UK Environment Agency’s Water 

Management Information System (WMIS) based on standard methods 

(Standing Committee of Analysts, 1981, 1979, 1987, 1992) . Means for each 

determinand were calculated for the year antecedent to invertebrate sampling. 

Although incomplete, the chemical data from streams draining both pasture
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grassland and semi-natural upland vegetation allowed to assess the extent to 

which water quality might influence invertebrates. Most reaches without 

chemical data were higher altitude locations likely to have the lowest nutrient 

concentrations (Clews & Ormerod, 2009).

Environmental variables -  patch-scale

Patch-sale environmental data were collected in the field. Water depth and flow 

velocity were measured in each patch, and deposited fine sediment (< 2mm) in
9 9each sampling site (c.3m ) measured using a circular quadrat (300 cm ) where 

the percentage of stream bed covered by fine particles was estimated in 5 % 

increments (Zweig & Rabeni, 2001). Ten observations immediately around 

Surber samplers used for invertebrates were averaged. In addition, the amount 

of suspendable sediment from the stream bed was measured at 49 of the 

patches sampled, with four measurements made around each Surber location. A 

metal box (24 x 18 cm) was pushed into the substratum and sediments from c. 

2 cm depth were entrained in the measurable volume of water. Suspended 

sediments within the range of 0.063-1 mm were filtered from 1 liter of water, 

dried, weighted and calculated as g /m2. Organic material from the collected 

sediments was reduced by washing and decanting.

Invertebrate sampling

Reach-scale survey (June-July 2006). Benthic macroinvertebrates were 

collected using kick-samples of three minutes duration across riffles and glides 

(typical < 55 cm/s) over a 10 m reach. I used a standard hand-net (mesh 

0.9mm, 25 x 25 cm) to mimic typically biological monitoring (Wright, Furse & 

Moss, 1998), and the method has been validated on similar streams (Bradley & 

Ormerod, 2002).

Patch-scale survey (June-July 2007). A Surber sampler (0.16 m2; 0.44mm) was 

used to assess smaller-scale variations in composition and to cover the defined 

area of stream bed where sediment character was also assessed. The two 

collection methods, although differing in spatial extent, provide similar 

qualitative information about assemblage composition (Larsen et al., 2009).



Invertebrate biological traits

The functional composition of all invertebrate samples was defined using 51 

categories of 11 biological traits (Table 1) based on available information 

(Richoux, 1994; Tachet, Usseglio-Polatera & Roux, 1994; Usseglio-Polatera, 

1994; Usseglio-Polatera & Tachet, 1994; Tachet et al, 2000). Trait information 

was collected for a total of 50 taxa, mostly genera, but Oligochaeta and 

Hirudinea were omitted because of incomplete information. Fuzzy coding was 

used to determine the affinity of each taxon for categories (Chevenet, Doledec 

& Chessel, 1994) that ranged between 0 and 3, or 0 and 5. Affinity scores were 

rescaled as proportions (sum = 1) for each taxon, while group-wide averages 

were used for taxa identified at coarser level (e.g. Diptera families). Taxon x 

trait-categories at each site were multiplied by the log(x+l) abundance to 

produce a site x trait abundance matrix, and abundance-weighted trait profiles 

converted to frequency distributions for each trait (Doledec, Olivier & Statzner, 

2000; Archaimbault, Usseglio-Polatera & Bossche, 2005).

Data analysis

Trait diversity (TD) in each sample for both surveys was calculated as the 

average Simpson diversity (S) across all traits:

TD = S = 1 -D,, where D, = I (n /N )2

With Dj = Dominance index of trait i; nj = relative abundance of trait category 

N = total abundance of all trait categories. The average of S across all traits 

was calculated to account for the lack of independence (e.g. Beche & Resh, 

2007). In addition, because traits can have multiple categories (e.g. feeding 

traits aie divided into filterer, grazers, predators, etc.) I also assessed how 

diversity within traits varied across locations using Simpson’s diversity index.

Correlation (Pearson product-moment) between overall trait diversity and 

taxonomic richness was examined to appraise occurrence of functional 

redundancy at the two scales (Micheli & Halpem, 2005; Beche & Resh, 2007).
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To obtain synthetic scores of sites based on overall trait composition I used 

Fuzzy Principal Component Analysis (FPCA) on the traits matrix for both 

surveys (Chevenet et al., 1994). At the reach-scale, relationship between 

catchment improved grassland, water chemistry and trait composition and 

diversity was analysed using Pearson product-moment correlation.

At the patch-scale, relationship between sediment measures (cover and 

suspendable sediments) and trait composition and diversity was assessed using 

General Estimating Equations (GEEs). This approaches accounts for the non­

independence among patches within reaches by adjusting regression 

coefficients (see Zorn, 2001; Vaughan, Noble & Ormerod, 2007). In addition, 

I used Spearman rank correlations to assess how the proportions of each trait 

category varied with either catchment land-use and associated water 

physiochemical variables or patch-scale sediment features (Beche, McElravy & 

Resh, 2006). I corrected alpha values (= 0.05) by dividing by the number of 

categories within each trait (e.g. if a given trait has six categories, for 

significance a  = 0.008). Results from this analysis were also checked by GEEs 

to control for independence among sites, but there were no departures from 

standard Spearman rank correlations.

To quantify the level of nestedness across communities in both surveys, I used 

the binary-matrix nestedness temperature calculator (BINMATNEST; 

Rodriguez-Girones & Santamaria, 2006), which is an improvement of the 

nested-temperature method of Atmar and Patterson (1993). The temperature 

method is relative insensitive to matrix size, and also correlates well with other 

metrics (Wright et al., 1998). BINMATNEST works on the species presence / 

absence matrix, re-ordering rows and columns to maximise matrix nestedness 

to calculate a temperature (ranging over 0 - 1 0 0  °C) which reflects the matrix 

deviation from an ideal nested structure; perfectly nested matrices with rare 

taxa in rich locations have T = 0°C while totally random matrices have T = 

100°C. The statistical significance of the observed temperature was assessed 

using a Monte-Carlo approach involving comparison with simulated 

temperatures of 400 random generated matrices. In the more conservative null- 

model III used here, the probability of a cell being occupied equals the average
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probabilities of occupancy of its row and column. This null model is 

considered the most reliable as it is less sensitive to species richness and 

occurrences (Rodriguez-Girones & Santamaria, 2006). The order with which 

sites are sorted in the maximally packed matrix can then be compared with 

independent correlates to assess the likely determinants of nestedness. I used 

Spearman-rank correlation to evaluate the influence of land-use and sediment 

measures on the nested patterns of communities from the reach and patch- 

survey respectively (Schouten et al., 2007; Heino et al., 2009).

4.3 Results

Reach-scale trends

The percentage of improved grassland in the catchments ranged from 0 to 64 

%, representing a clear intensification gradient. Phosphate concentration never 

exceeded 0.04 mg/1, while mean nitrate concentrations were in the range 0.65 -  

1.58 mg/1. These variations, in turn, were accompanied by changes in species 

trait composition across locations.

The first two axes of the fuzzy PC A explained 40% and 23% of variation in 

trait composition across reaches, respectively. Both axes were significantly 

correlated with the extent of improved grassland (Axis 1: r = -0.38; P=0.03; 

Axis 2: r = 0.48; P=0.004; Fig. 4.1), implying that invertebrate trait 

composition followed this dominant land-use gradient. Aggregate trait 

representation shifted from ovoviviparity, multiple generations per year, 

medium-small body size, short life-cycle and high dispersal potential in 

improved grassland reaches to taxa characterised by larger body size and 

longer life-cycles (Fig. 4.1). There were also relationships between individual 

trait categories and improved grasslands (Table 4.3), with smaller size, shorter 

life cycles, ovoviviparity and high dispersal potential all increasing with 

grassland, whereas larger size, lower dispersal potential and laying free-egg 

clutches declined. By contrast, chemical trends across sites were reflected by 

only two significant trends in trait representation respectively involving a 

decline in the tendency of species to lay free eggs with increasing nitrate (rs = -
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0.8; PO.OOl; N=12) and an increase in ovoviviparity with water hardness (rs = 

0.71;P=0.009; N=12).

Further evidence of a land-use effect arose from a significant decline in overall 

trait diversity with increasing cover of intensive grassland (r = -0.46; F^O.OOS). 

There were also trends in individual trait diversity, for example in maximal 

size (r = -0.7; T^O.OOl), life-cycle duration (r = -0.36; /*=0.04) and resistance 

forms (r = -0.35; P=0.04). Interestingly trait diversity per reach was not related 

to taxonomic richness (Fig.4.2; P = 0.6).

Communities showed a significantly nested sub-structure (T = 36.4°; P 0 .001). 

Site ranking in the maximally packed matrix (i.e. the species-by-site matrix 

when ordered to most emphasise patterns of nesting) was significantly 

correlated with grassland intensity (rs = 0.43; P=0.01), suggesting that land-use 

was implicated in the observed nested-subset pattern.

Patch-scale trends

Deposited sediments covered 1 -  35% of the benthos across the 56 patches 

sampled, with suspendable sediments reaching 2 - 1 4 7  g/m2. Depth ranged 

over 8 -  27 cm and current velocity 1 1 - 5 7  cm/s. Species’ trait profiles varied 

markedly in response, with the two principal components explaining c 44% of 

trait variation among patches (Fig. 4.3).

GEE models showed that trait axis 1 was strongly related to both deposited and 

suspendable sediments (r = -0.55; P<0.001 and r = -0.57; P<0.001 

respectively). Fuzzy PCA axis 1 was correlated with water depth, but only 

weakly (r = -0.3; P=0.03). From the ordination plot (Fig. 4.3), it appeared that 

trait categories most common in sediment-rich patches were related to 

locomotion and feeding habits, with burrowers, interstitial taxa, and fine 

sediment or detrital feeders most favoured. In contrast, predators, scrapers and 

filterers were more common in sediment-free patches, along with larger taxa 

characterised by semi-voltine life cycles. However, very small body size was 

also more common on this side of the gradient. These multivariate trends were 

confirmed in bivariate correlations: deposit and detrital feeders, macrophyte
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herbivores, burrowers, shredders and organisms laying endophytic eggs were 

all associated with increased sediment loads, while filterers, predators, scrapers 

and taxa attached to the substratum were negatively impacted. Semivoltine taxa 

also declined at sites with suspendable sediments (Table 4.3).

Variations in trait composition were accompanied by variation in global trait 

diversity, which declined as deposited sediments increased (r = -0.33; PO.OOl; 

N=56). Specific traits were responsible for this trend as the diversity of 

maximal size, dispersion potential and feeding habits all declined with 

increasing sedimentation (r = -0.39; P=0.003; r = -0.35; P=0.008; r = -0.46; 

PO.OOl, respectively). At this scale, trait diversity was correlated significantly 

with taxon richness (r = 0.5; PO.OOl; Fig. 4.2).

Communities again showed significant nestedness across patches with different 

sediment character (matrix T= 31.5 °C; PO.OOl). Ranking of sites according 

to both sediment cover and suspendable sediments showed significant 

correlations with nestedness (rs = 0.29; p=0.02; rs = 0.44; PO.OOl, 

respectively) implying that sedimentation was accompanied by the drop-out of 

taxa that occurred elsewhere.

No correlations were observed between trait axis 2 and the measured patch- 

scale or sediment variables. When grouped by reach and plotted on the 

factorial plane, the position of sample patches overlapped across reaches, 

implying that local habitat character (i.e. sediment features) influenced 

invertebrate communities locally within reaches (Fig. 4.3).

4.4 Discussion

In revealing that river invertebrate traits vary systematically with catchment- 

scale intensification and patch-scale sediments in the Usk, these extensive data

100



supported our initial hypotheses. While there is a caveat in that the tests used 

surveys rather than experimental manipulations (Doledec et a l , 2006; 

Townsend et al., 2008), the resulting data offer an insight into how basin-scale 

changes affect river organisms over large spatial and temporal extents (Manel 

et al. 2000). Indeed, three important results emerged, each of which has the 

potential to expand the use of traits in assessing how river ecosystem respond 

to modification, and to predicting the organisms at greatest risk of adverse 

change. First, the use of trait-based approaches in rivers extends beyond 

evolutionary ecology (Townsend & Hildrew, 1994) or biomonitoring (Statzner 

et al, 2001) into conservation biology, in this case revealing how river- 

catchment intensification affects larger, longer-lived organisms. Secondly, 

processes at different spatial extents can have contrasting effects on the trait 

composition of river organisms, in this case local sediment deposition as 

distinct from modified land-use. Thirdly, some important ecological responses 

to modification transcended scale, and in our example trait diversity as well as 

the representation of larger organisms with longer life-cycles was reduced by 

both local sediment deposition and by extensive land-use modification. Effects 

on patterns of nestedness also transcended spatial scale.

Effects o f  catchment modification

Across entire reaches in the Usk system, individual traits apparently responded 

to land-use intensification, with characteristics related to population resilience, 

short generation time and high dispersal potential prevailing in pasture by 

comparison with semi-natural grassland and/or riparian woodlands. The 

overall trait composition of invertebrates followed this land-use gradient, so 

that larger-bodied and typically K-selected taxa became least abundant in more 

modified locations. Typical taxa lost were large predators such as Perla, 

Dinocras and Isoperla while typical r-strategists such as Baetis and 

ceratopogonids increased in grassland (Table 3.5 -  Chapter 3). These 

observations followed our a priori hypotheses regarding higher population 

resilience with increasing land-use intensity and confirmed trends observed 

elsewhere (Doledec et al., 2006). Conversely, Townsend and Thompson (2007) 

found that average body-size increased with land-use intensity perhaps as a 

result of higher stream productivity; however, they were unable to demonstrate
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any associated nutrient effect. They argued that unmeasured contaminants in 

farmed pasture reaches could have affected smaller invertebrates 

disproportionately, thus increasing average body size.

It is, in fact, problematic to appraise the effects of single factors on trait 

structure using survey data in such multivariate circumstances where many 

factors change simultaneously. Rather than any single, major environmental 

driver* effects observed here most likely reflect a combined, multivariate trend 

through which semi-natural, climax vegetation (mixed deciduous woodland) 

has been replaced by more intensively managed grassland. Habitat structure, 

sediment regimes, nutrient concentrations, thermal conditions, hydrology, 

relative sources of energy from autochthonous relative to allochthonous 

sources, af\d a range of other in-stream features are all modified as a 

consequence (Allan, Erickson & Fay, 1997; Harding et al, 1999). Our own 

data from tlie Usk and adjacent Wye illustrate some of these effects, including 

nutrient concentrations (Clews & Ormerod, 2009), sediment release (Larsen et 

al., 2009) #nd increased summer temperatures in tributaries draining grasslands 

(E. Clews, I* Durance and S. J. Ormerod unpubl. data). In turn, catchment and 

riparian lajid-use may well act through these factors as larger-scale filters that 

select or support organisms with life-history traits appropriate to the prevailing 

conditions - specifically those that accommodate disturbance in less natural, 

agricultural circumstances in contrast to the organisms with longer life-cycles 

that appear to persist more readily in stable, semi-natural catchments (Richards 

et a l. 1997; Hector et al, 1999; Diaz, Alonso & Gutierrez, 2008).

Similar multiple mechanisms were the likely drivers of the nested subset 

pattern obServed in the invertebrate assemblage at this scale. The degree of 

nestedness is in line with what observed in other studies on stream 

invertebrate (Heino e t al., 2009), and confirms that nestedness was relatively 

low compared to other biological systems in archipelagos, isolated ponds and 

habitat fragments (Fernandez-Juricic, 2002; Hecnar et al, 2002; McAbendroth 

et al. 20o5)- While such nestedness could be generated by either selective 

colonization or extinction and direct human disturbance, in river systems it is 

likely that a continuous disturbance-mediated colonization-extinction dynamic
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is responsible (Heino et al., 2009). In the Usk system, species sensitivity to 

land-use intensity appeared trait-specific, and a progressive loss of taxa 

resulted in the formation of a nested pattern along the land-use gradient.

With land-use modification and intensification in river catchments now 

widespread, any wider repetition of the ecological response I observed could 

have considerable significance for the conservation of river organisms. 

Parallel trends in species traits are already apparent elsewhere in modified river 

environments (Doledec et a l, 2006; Diaz et a l, 2008; Townsend et a l, 2008; 

Tullos et a l, 2009), and there are at least two important corollaries. First, large 

merovoltine or bivoltine organisms might be effective indicators of river and 

catchment stability or integrity, and further data to assess this possibility are 

required. Secondly, and more critically, their survival and persistence may 

require the greater protection or restoration of semi-natural river catchments 

than hitherto; the patterns I observed in the Usk occur in spite of the fact that 

the whole river system is a Special Area of Conservation under the EU 

Habitats Directive (92/43/EEC), and hence part of the Natura 2000 network of 

sites. More information is required on how such response traits -  those 

sensitive to disturbance or land-use modification -  are related to effects trait 

that represent ecosystem function. There is evidence, especially from animals, 

that extinction proneness is often associated with dominant ecosystem 

functions such that the first species to disappear are also more functionally 

efficient (Duffy, 2003). Here, larger taxa and predators appeared most sensitive 

to both land-use change and sedimentation. Such size-biased loss of species 

can affect function in whole ecological networks, but evidence from rivers is 

scarce (Duffy, 2003).

At a more fundamental level, one of the challenges in using traits as 

conservation indicators will be to separate traits that reflect a direct adaptation 

to certain habitat features from others that simply co-evolved and may be 

selectively neutral. As an example, ovoviviparity increased in pasture 

grasslands, but this reproductive mode is specific to crustaceans and some 

molluscs and might well be unconnected with habitat conditions. Abundance of 

such organisms may simply reflect higher calcium concentration and indeed,
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our results showed that ovoviviparity was more common in harder waters. A 

possible method to account for these phylogenetic constraints is to focus 

indicator effort on evolutionary labile traits that result from adaptive 

convergence independently of phylogeny. Poff et a l (2002) investigated this 

problem in North American river insects and showed that size at maturity, 

trophic habit, locomotion and voltinism were the most labile traits (i.e. those 

most independent of phylogeny), and it is interesting that these were among the 

traits responding apparently most clearly to environmental features in the Usk.

Scale-dependent effects

In addition to assessing the apparent influence of land use on trait composition, 

our survey was designed to detect patch-to-patch variations. At this scale, 

variation in life-cycle traits were again apparent, with depositional conditions 

apparently favouring r-strategists in these lower stability, transient 

environments characterised by suspendable or saltating material (Culp, Wrona 

& Davies, 1985). Besides a disturbance-driven pattern, it is also possible that 

deposited fine materials reduced streambed porosity thus disfavouring larger 

organisms requiring larger interstitial space. Perhaps a combination of both 

mechanisms is responsible for the decline of larger K-selected organisms at 

this scale. However, local sedimentation also affected traits related to feeding 

and behaviour. This apparent scale-dependence in trait response to habitat 

modification in the Usk mirrors the magnitude of sedimentation effects, which 

are more readily detectable at finer scales (Larsen et al., 2009).

Few studies have assessed explicitly the influence of fine sediment deposition 

on invertebrate trait composition (Richards et a l , 1997; Rabeni et a l, 2005; 

Doledec et a l, 2006; Townsend et a l, 2008), but our data contained several 

examples consistent with previous specific observations. Trait categories 

negatively affected by sediments included filter-feeding, with this effect known 

to reflect the impairment of filtering devices, such as nets (e.g. Strand & 

Merritt, 1997). Conversely, Townsend et al. (2008) observed that filter feeding 

was favoured by fine sediments, likely reflecting the associated increase in
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available nutrients with fine particles. In the Usk system however, deposited 

sediments are relatively coarser and not necessarily associated with increasing 

nutrient levels (Larsen et al., 2009).

Sediment deposition also affected taxa requiring temporary attachment to the 

substratum, and scrapers that graze clean surfaces. Some proportional decrease 

in flying insects and plastron respiration reflected reduction among 

coleopterans such as Oulimnius and Hydraena, which are mostly grazers and 

hence sediment-intolerant (Braccia & Voshell, 2006; Larsen et al., 2009). In 

contrast, detrital feeders, macrophyte herbivores, burrowers and shredders were 

apparently favoured in sediment-rich patches, consistent with previous data 

that show both the retention of detrital material in depositing habitats as well as 

the response of associated taxa (Rabeni et al., 2005). Groups involved in the 

Usk included Leuctra, Odontocerum and Tipulidae, all apparently relatively 

sediment-tolerant (Larsen et al., 2009). Other trait categories apparently 

benefiting in depositing conditions are more difficult to interpret, for example, 

egg-laying in vegetation (endophytic), rather than on terrestrial substrata. 

Doledec et al. (2006) observed a similar trend and suggested that, in habitats 

likely to be smothered with fine particles, ovoposition sites in vegetation were 

more likely to be available with possible benefits to egg survival. While it can 

be argued that such a reproductive strategy is characteristic of many Odonata 

that are also borrowers, no Odonata occurred in our samples.

Interestingly, assemblages at the patch-scale showed similar degree of 

nestedness as at the larger reach-scale, although the process generating it 

appeared to differ. At this local scale, trait-related tolerance to sedimentary 

conditions determined assemblage composition and the formation of a nested 

pattern. This result also confirms previous findings on the scalar property of 

nestedness, which can be generated by different processes at different scales 

(Summerville, Veech & Crist, 2002). While extinction and colonization can 

promote nestedness at broad spatial scales, behavioural and feeding related 

differences in patch use can be invoked at much finer scales.

Trait diversity
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At least as interesting as scale-dependence in trait response to habitat 

modification in the Usk was the fact that some effects transcended the scales 

involved in our assessment. Specifically, both patch-scale sedimentation and 

land-use conversion to agriculture were accompanied by reductions in overall 

trait diversity. This may well be a widespread consequence of habitat 

modification, but its explicit relevance to conservation biology in river 

ecosystems is still poorly understood. Two key areas of investigation are 

whether the effect reflects the systematic reduction in the frequency of traits 

that also predispose species to extirpation (Olden, Poff & Bestgen, 2008) and 

whether there are any consequences of trait simplification for ecosystem 

function. In contrast to research on links between biodiversity loss and 

ecosystem functioning, links between trait representation and ecosystem 

function are scarce (Loreau, 2000). On the first theme, our data are interesting 

in revealing that reductions in trait diversity can arise from different effects, at 

different scales and through variations in different trait responses. While body 

size diversity appeared affected by both land-use modification and localised 

sedimentation, pasture intensity mostly affected the diversity of traits 

associated with voltinism and resistance. Reduction in the diversity of feeding 

modes and dissemination potentials reflected instead increasing sediment 

smothering.

On the second theme, I used functional diversity as a surrogate for assessing 

ecosystem function directly, examined by calculating trait diversity (TD). 

Functional diversity in a community is normally expected to be a function of 

species richness, although the shape of this function varies between systems 

(Stevens et al, 2003; Micheli & Halpem, 2005). In our data, this relationship 

was scale-dependent, with trait diversity increasing linearly with taxon richness 

at the patch-scale, but not at the reach scale. The shape of such relation 

suggests a saturating effect of taxonomic richness on functional groups (e.g. 

Beche & Resh, 2007), where patterns observed at the larger scale may 

represent an asymptote and imply some functional redundancy in the 

communities. However, this apparent redundancy could not compensate for the 

progressive loss of taxa (and functional groups) along the land-use gradient,
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which clearly reflected the nested non-random nature of species removal 

dictated by their biological traits.

4.5 Conclusion

I began this case study wishing to examine whether trait-based approaches 

could reveal any effects of two widespread ecosystem stressors, sedimentation 

and land-use intensification, that were relevant to river conservation biology. 

The results are clear, and illustrate the value of trait-based assessment, as 

opposed to conventional taxonomy, in detecting distinct effects of habitat 

modification that varied with the life-cycles, dispersal capabilities, behaviour 

and feeding methods of the organisms at risk. Moreover, the use of nested 

subset analysis showed how different processes can generate nestedness at 

different scales and further illustrate the potential benefits of using such 

approach in conservation studies at finer scales (Summerville et al., 2002). 

Parallels with other trait-based studies illustrate that results of this type may 

well be comparable not only across rivers in different geographical locations 

(e.g. Diaz et al., 2008), but also between rivers and terrestrial environments. 

The latter comparison is particularly striking in revealing similarities in the 

specific (e.g. feeding trait) and generic (e.g. life cycle, body mass) 

characteristics of organisms that appear to be affected by habitat modification 

and loss (Ribera et al, 2001: Hauser, Yoccoz & Ims, 2003: Cardillo et al, 2005: 

Magura, Tothmeresz & Lovei, 2006). River ecosystems are linked to terrestrial 

systems not only because they are both affected by catchment intensification, 

but also because there are apparently similarities in the ecological processes 

through which habitat impairment leads to changes in species’ composition. As 

envisaged by Doledec et al. (1999) the standardisation of trait-based 

approaches across ecosystems could allow further testing of such aquatic- 

terrestrial parallels thereby allowing both a common theoretical ground for 

cross systems conservation, and also parallel assessment of how ecosystem 

modification results in systematic effects on biodiversity.
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4.7 Tables and Figures

Table 4.1 - A priori hypotheses about increasing (+) or decreasing (-) 

invertebrates trait representation in relation to catchment grassland 

development and patch-scale sediment deposition in the Usk catchment, Wales.

Im pact Trait Category M echanism  /  Rationale

C atchm ent Maxim al size Sm all-m edium  (+) Rapid growth and
grassland Life-cycle duration < 1 y e a r (+) increased resilience

No. generation /  year > 1  (+) in more frequently
Fine M axim al size Sm all-m edium  (+) disturbed habitats
sedim ents Life-cycle duration < 1 y e a r (+)

No. generation / year > 1  (+)
Feeding habits Scraper ( - ) Affected by algae smothering

Filterers ( - ) and clogging of filtering devices
Locomotion Burrowers (+) Adapted to fine substrata

Tem porarily Lack of stable surfaces
attached (-)
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Table 4.2 - Biological trait and categories considered in assessing variations in 

trait composition across the Usk catchment, Wales. (* labels used in Figures 

3.1 and 3.3 for categories)

Trait Categories Code*
Maximal size 2.5-5 mm 2.5-5

5-10 mm 5-10
10-20 mm 10-20
20-40 mm 20-40

Life-cycle duration < 1 year lc< 1
> 1 year lc> 1

No. o f potential < 1 gy< i
generations per year 1 gy= i

>1 gy> i
Dissemination < 10m <10m
potential 10-100m 10-100m

100m-1km 100m-1km
> 1km >1km

Aquatic stage Egg egg
Larva larva
Nymph nymph
Adult adult

Reproduction ovoviviparity ovovip
Isolated eggs, free eggsfr
Isolated eggs, cemented eggsc
Clutches, fixed clutfx
Clutches, free clutfr
Clutches, in vegetation clutv
Clutches, terrestrial clutt

Resistance forms Eggs, statoblasts egg-stbl
Cocoons cocoon
Diapause diaps
No resistance forms no rest

Food Fine sediments fine-sed
Detritus <1mm fdet
Detritus >1mm cdet
Living microphytes Imph
Living macrophytes IMph
Dead animal <1mm sdan
Living microinvertebrates Iminv
Living macroinvertebrates IMinv

Feeding habits Deposit feeder dep feed
Shredder shred
Scraper scraper
Filterer filter
Predators predat

Respiration Tegument tegum
Gill gill
Plastron plastr
Aerial aerial

Locomotion Flier fly
Full water swimmer full sw
Crawler crawl
Burrower burrow
Interstitial interst
Temporarily attached tern att
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Table 4.3 - Spearman correlation coefficients (rs) between trait categories and 

the % of improved grassland (n = 32; reach-scale survey), sediment cover (n = 

56; patch-scale survey) and suspendable sediments (n = 49; patch-scale survey) 

in the Usk catchment. Only categories showing at least one significant 

correlation are shown. Bold revalues are significant after correction based on 

number of categories.

T rait C a te g o rie s
Im proved  
g ra s s la n d  

(R e a c h  sc a le )

S ed im en t 
c o v e r (%) 

(P a tch -sca le )

S u sp e n d a b le
se d im e n ts

(P a tch -sca le )

M axim al s iz e 2 .5 -5  cm 0.52 -0 .34 -0 .39

5-10  cm 0 .2 5 0.38 0.46
20 -4 0  cm - 0.72 - 0.57 - 0.41

Life-cycle d u ra tion < 1 y e a r 0.40 0 .19 0.34
> 1 y e a r - 0.40 -0 .19 - 0.34

No. of p o ten tia l < 1 - 0.47 -0 .20 - 0.51
g e n e ra tio n s  p e r  y e a r >1 0.49 0 .20 0.38

D issem in a tio n < 10m -0.21 - 0.64 - 0.65
po ten tia l 10-100m - 0.52 -0 .19 -0 .14

> 1km 0.46 0.52 0.67
A q u atic  s ta g e N ym ph 0 .0 3 - 0.44 -0 .24

R e p ro d u c tio n ovoviviparity 0.53 0 .24 0.37

C lu tch es , fixed -0 .14 - 0.47 - 0.52
C lu tch es , free - 0.51 -0 .24 -0 .08

C lu tch es , in v eg e ta tio n 0.21 0.45 0.43
R e s is ta n c e  fo rm s C o c o o n s -0 .3 8 0.44 0.32

F ood D etritus >1m m 0 .2 7 0.52 0.54
Living m a c ro p h y te s 0 .2 5 0.63 0.46
D ead  an im al <1m m 0 .3 8 0.40 0.48
Living m a c ro in v e rte b ra te s -0.31 - 0.41 - 0.43

F e e d in g  h a b its D ep o s it fe e d e r 0 .1 6 0.44 0 .23

S h re d d e r -0 .0 9 0.50 0 .34

S c ra p e r 0 .2 0 - 0.29 -0 .30

F ilterer 0.11 - 0.62 -0 .30

R e sp ira tio n T e g u m e n t 0 .0 7 0.49 0.28

P lastro n -0 .0 3 - 0.46 - 0.51
L ocom otion Flier 0 .0 2 - 0.38 - 0.47

B urrow er -0 .3 6 0.50 0.40
T em porarily  a tta c h e d 0 .1 6 - 0.64 -0 .35
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Fig. 4.1 - Position of trait categories on the first Fuzzy PC A plane from a 

reach-scale survey of the Usk catchment, Wales. The relationship between the 

first and second axes with increasing catchment cover by improved grassland is 

also shown. Trait codes are in Table 4.2.
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Chapter 5 - Low-level effects of inert sediments on 

temperate stream invertebrates

Summary

1. The delivery, entrainment and deposition of inert fine sediments are among 
the most significant contributors to stream and river impairment worldwide. 
Associated ecological effects have been observed frequently, but specific 
experiments to identify sensitivity and avoidance behaviour in stream 
organisms are few, particularly in headwaters.

2. In a field experiment, I added fine sand at low levels (c 4-5 kg/m2) to 10m 
reaches of two replicate headwater streams in the Usk catchment (Wales, UK) 
over two periods (autumn and summer). Upstream reaches were used as 
control in a classic BACIP design. Invertebrate drift and benthic composition 
were measured for two days before and one day after sediment impact.

3. Sediment addition significantly increased overall drift density (by 45%) and 
propensity (by 200%), with effects largest on the night following addition 
rather than immediately (i.e. within 9 hrs). The mayflies Baetis rhodani, B. 
muticus and Ecdyonurus spp, simuliid and chironomid dipterans, and helodid 
beetles were the strongest contributors.

4. There were no marked effects on benthic composition, but density declined 
in treated reaches by 30-60%, particularly in Baetis rhodani, Ecdyonurus spp. 
and Leuctra (hippopus + moselyi).

5. All effects were consistent between both seasons and streams.

6. These data show how even low-level, short-term, increases in fine sediment 
loading to upland, stony streams can reduce overall benthic density through 
increased drift. I suggest that the likely cause of the delayed drift response was 
a change in habitat quality which prompted avoidance behaviour. Longer-term 
experiments are required to assess whether these effects reduce fitness or 
explain the losses of some types of organisms observed recently in sediment- 
impaired reaches of this and other catchments.
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5.1 Introduction

Catchment agriculture, urbanisation, forestry and mining not only alter energy 

fluxes, hydrology, thermal regimes and habitat availability in rivers (Osbome 

& Kovacic, 1993; Roth, Allan & Erickson, 1996; Manel, Buckton & Ormerod,

2000), but can also increase fine sediment delivery and alter sediment quality 

with profound consequences for aquatic organisms (reviewed by Ryan, 1991; 

Waters, 1995; Wood & Armitage, 1997). These ecological effects depend on 

sediment character, size distribution, particle shape and associated pollutants 

(Lemly, 1982; Wood, Vannn & Wanless, 2001), as well as catchment and 

stream characteristics (Culp, Wrona & Davies, 1985; Collins, Walling & 

Leeks, 1997; Kreutzweiser, Capell & Good, 2005; Larsen, Vaughan & 

Ormerod, 2009). Organisms at all trophic levels are affected, for example 

through a reduction of available light for primary producers and visual 

predators (Rowe & Dean, 1998; Parkhill & Gulliver, 2002), alteration of 

substratum structure and habitat quality for benthic organisms (Chutter, 1968; 

Turnpenny & Williams, 1980), decline in feeding efficiency of filter feeders 

and grazers (Graham, 1990; Broekenhuizen, Parkyn & Miller, 2001) and 

reduced oxygen supply to salmonids eggs via interstitial occlusion (Argent & 

Flebbe, 1999; Greig, Sear & Carling, 2005). Shorter-term effects are also 

possible through the displacement or avoidance behaviour of organisms 

affected by suspended, saltating or deposited particles (Gibbins et al. 2007).

However, identifying sediment effects on stream organisms, and the processes 

involved, is hindered by two major problems. First, sediments occur often 

alongside other stressors which might exacerbate or mask effects (Townsend, 

Uhlmann & Matthaei, 2008). In agricultural catchments, such confounds 

include nutrients, pesticides, alteration in runoff pattern and habitat 

modification. Secondly, sediments in any one location can arise from a diverse 

array of catchment sources. For example, point-sources associated with the 

effects of livestock on bank erosion might be locally important, but small by 

comparison with larger-scale releases from tillage, from the wider conversion 

of catchment forests to grassland, or even from large-scale natural release. In
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these circumstances, experimental investigations can have major advantages 

over observational approaches, with sediment additions, artificial substrates of 

varying grain-size, flumes or experimental streams all used in the past (Doeg & 

Milledge 1991; Angradi,1999; Bond & Downes 2003; Connolly & Pearson, 

2007).

In the Upper Usk catchment, in south-central Wales (UK), recent surveys have 

suggested that local sediment deposition is associated with decreased woodland 

cover and increased bank erosion (Larsen et al., 2009). Apparent effects on 

stream invertebrates include altered assemblage composition, reduced richness, 

reductions in the density of sensitive species, and an overall reduction in trait 

diversity (Larsen & Ormerod in review). However, the exact mechanisms are 

unclear. There are a range of possibilities (see above), but here I turn our 

attention to the possibility that sediment deposition and sediment movement 

might cause short-term invertebrate losses and redistribution through drift.

While the drift of invertebrates is a natural process in streams, representing 

emigration and immigration between patches of different quality, changes in 

substratum character can alter drift behaviour (e.g.Holomuzki & Biggs, 2003). 

Evidence from several studies has shown that sediment transport and increased 

turbidity can promote invertebrate drift causing a reduction in benthic density 

and richness (Rosenberg & Wiens, 1978; Culp et al., 1985; Suren & Jowett,

2001). Laboratory data suggest that such effects can also arise due to small 

changes in bedload or saltating particles (Gibbins et al, 2007). However, not 

all results have been consistent (Connolly & Pearson, 2007). Moreover, early 

experiments on the effects of sediments on drift were characterised by limited 

replication (Rosenberg & Wiens, 1978; Culp et al., 1985), while those carried 

out in artificial channels might not scale-up to represent real stream ecosystems 

(Suren & Jowett, 2001; Bond & Downes, 2003). Most of all, considering the 

sensitivity of streams and stream organisms to sediments (Matthaei et al, 2006; 

Connolly & Pearson, 2007), realistic experiments to investigate the effects of 

sediments on invertebrate drift have been surprisingly few.
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Following experimental approaches used previously (Rosenberg & Wiens, 

1978; Culp et al., 1985), I describe a replicated field-experiment in which I 

manipulated fine sediment supply to two 2nd- 3rd order streams to test the 

hypothesis that relatively small increases in sediment deposition and transport 

can increase the short-term drift of sensitive benthic invertebrates. Specifically, 

I expected that any invertebrates showing an immediate avoidance or 

displacement reaction to sediment addition might occur rapidly in the drift. 

Alternatively, alterations in habitat quality for invertebrates would be reflected 

in increased behavioural drift as part of the normal nocturnal drift pattern. Both 

responses could reduce benthic density and I evaluated this possibility. A 

secondary aim of the experiment was to compare the apparent sensitivity of 

individual species to sediments as shown by their short-term drift with apparent 

tolerance to longer-term sediment effects indicated by our previous surveys 

(Larsen, Vaughan & Ormerod 2009).

5.2 Methods

Study area

The Senni and Grwyne Fawr are two small, third-order tributaries (3-5 m wide) 

of the Usk River in Wales at 290-300 m above sea level (National Grid 

Reference: SN925207 and S0266251, respectively), and these upland locations 

have been shown previously to be sensitive to sediment deposition (Larsen et 

al. 2009). One of the largest rivers in Wales, the Usk is dominantly rural, 

sparsely populated and one of the most important game fisheries in Britain (see 

Larsen et al., 2009 for more details). The reaches selected for the experiment 

drained semi-natural rough pasture and woodland, and had substrata of 

bedrock, boulders and cobbles, moderately shaded by deciduous or conifer 

trees. The streams have similar ionic composition, rich in carbonates with high 

pH (c. pH 7.8-8) but low in nutrients (average nitrate 0.9 mg/1; phosphate 0.02 

mg/1), and invertebrate communities are diverse and dominated by 

Ephemeroptera, Plecoptera and Trichoptera. The local geology of Devonian 

Old-red Sandstone has given rise to relatively sandy soils and alluvial deposits 

that, in the upper catchment, enter streams through bank-face erosion in
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locations where broadleaf trees have been removed. There are also point 

sediment sources where livestock trampling or local bank manipulations have 

caused sediment release. I wished to mimic the effects of such low-level 

sediment additions experimentally under controlled conditions.

Experimental design

In each of the two replicate streams I selected one downstream reach for 

sediment addition (‘impact’) and one upstream control reach to be as similar 

physiographically as possible within the same 40 m section. Invertebrate drift 

patterns were measured simultaneously in both reaches for two x 24 hour 

periods before sediment addition (‘Before 1’, ‘Before 2’) and for 24 hours after 

sediment addition (‘After’), thus following a classic before-after-control-impact 

(BACIP) design (Stewart-Oaten & Bence, 2001). Experiments were carried out 

in autumn 2007 (September 21st - October 10th) and repeated in entirety at each 

site in summer 2008 (June 26th -July 19th), giving a total 12 days (288 hours) of 

drift sampling.

In each case (i.e. each season and each stream), at the beginning of the ‘After’ 

period (t. 12:00 pm), clean childrens’ play-sand (0.25 -  0.125 mm = -60% in 

dry weight and 2 -  0.5 mm = -30%) was added as evenly as possible to the 

10m impact reaches at a concentration of c 4-5 kg /m2 (corresponding to 

approximately to 25-35 % bed cover). I chose this material because it was 

unaffected by contaminants or nutrients that would confound sedimentation 

effects and it had a size-distribution near-identical to naturally occurring 

sediments in the Usk (0.25 mm -  2 mm; Larsen et al. 2009). Additions were 

made mostly from the banks to limit substratum disturbance, and I aimed to 

cover up to 35% of the benthos to mimic values at which longer-term effects 

occur (Larsen et al., 2009). Water temperature, pH and conductivity were 

measured on each day of the experiment.

Invertebrate sampling

Throughout all experiments, steel poles fixed to the streambed held two 

adjacent rectangular drift nets (40 x 24 cm) in both impact and control reaches,
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respectively of two mesh sizes (0.9 and 0.44 mm) thereby attempting to capture 

differently sized organisms. The twin control nets were positioned at least 6 m 

from the upstream end of the sand-impacted reaches. Net contents were 

collected at 3 hours intervals for 24 hours starting at 12:00 on each sample day, 

with all drift samples combined from the contents from the two nets in each 

reach. The volumes of water filtered were estimated from three measurements 

of current velocity and water depth at the beginning, middle and end of each 

day.

In addition to drift samples, four pooled Surber samples (30 x 30 cm; 0.44 mm 

mesh) were collected in both impact and control reaches at the end of each drift 

sampling day. Invertebrates were immediately preserved in 70% ethanol and 

then sorted and identified as far as possible in the laboratory (Edington & 

Hildrew, 1981; Elliott, Humpesch & Macan, 1988; Friday, 1988; Wallace, 

Wallace & Philipson, 2003).

Data analysis

Analyses were carried out to assess variations in both drift density (N/100 m ) 

and drift propensity (drift density / benthic density), thereby accounting for 

differences in discharge and benthic composition among times and locations. 

Invertebrate abundances were log (x+1) transformed when necessary. Although 

invertebrate composition differed slightly between the streams (see Results), 

dominant taxa were the same and could be included in the same analyses.

Drift variations were assessed using mixed-effects models because I had 

longitudinal data (repeated measures). Season and stream were included as 

random factors, while experimental period (before and after) was treated as a 

fixed factor to assess differences in drift response. Analyses were run on R 

(Ihaka & Gentleman, 1996), using the “nlme” extension (Pinheiro & Bates, 

2000).

The BACIP design used allowed us to derive the main variables for analysis 

from the differences between impact and control locations; Hq was that the 

impact-control difference before treatment was equal to the impact-control
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difference after treatment. This is equivalent to measuring the interaction term 

between reach type (control, impact) and time (before, after) in a classic 

Analysis of Variance (Weiss & Reice, 2005; James, Dewson & Death, 2008). 

Response variables thus described the total drift densities and propensity, drift 

densities and propensities of each dominant taxon, and benthic densities. No 

correction for multiple tests was performed, and I give exact P values in each 

case.

I used Detrended Correspondence Analysis (DCA; Hill & Gauch, 1980) to 

assess whether sand addition had any gross effects on either benthic or drift 

composition. This exploratory method is a well-known, simple approach to 

indirect gradient ordination that uses reciprocal averaging to order samples 

objectively according to the frequency of co-occurrence of their constituent 

taxa. Sample scores reflect turnover in taxonomic composition along 

orthogonal axes, and these can be related to sample attributes or environmental 

conditions, in this case before and after sediment addition, and benthic versus 

drift samples. Although DCA has received some criticism associated with the 

detrending algorithm used to remove any curvilinear relationships between 

axes (i.e. “the arch effect”) (Wartenberg, Ferson & Rohlf, 1987), in our case 

identical ordination patterns were produced by DCA and non-metric 

multidimensional scaling based on Bray-Curtis Similarity.

5.3 Results

Autumn and summer water temperatures during the experiment ranged were 9- 

12 C° and 12-17 C°, respectively, while conductivities during both seasons was 

c 150 ps/cm and pH 7.2-8. Current velocities in the study streams over the two 

seasons typically ranged over 20-60 cm. s '1

Seventy-two macroinvertebrate taxa occurred in the drift, but most were at low 

abundance. Baetis rhodani, Ecdyonurus spp., chironomids and simuliids 

accounted for more than 60% of total drift abundance, with aquatic drift 

densities peaking at c 60-80 individuals per 100 m prior to any treatment. The

128



contribution of terrestrial invertebrates to total drift in any single 24 hours 

reached 50 % in the summer, but fell to < 10% throughout the autumn 

experiments. Overall, terrestrial invertebrates, mostly dipterans, accounted for 

up to 16% of total drift.

Drift response to sediments

Sediment addition increased both drift density and drift propensity (Table 5.1, 

Fig. 5.1). Sand additions, on average, resulted in 15 more individuals drifting 

per 100 m , and drift density in the impact reach increased by 35% in autumn, 

60% in summer and 45% overall. Although there was a slight increase in drift 

in the autumn experiment immediately after sediment input, significantly 

increased drift was not immediate (i.e. within the first 9 hours after addition). 

Instead, drift patterns maintained the expected diel variation, with densities 

increasing after sunset (around 19:00 in autumn and 21:00 in summer; Fig.5.2). 

Invertebrate response to treatment therefore appeared to be delayed, and 

contributed to night-time drift in the impacted reaches compare to control (Fig.

5.2).

Much of the additional drift was explained by commonly drifting taxa; drift 

density in the mayflies Baetis rhodani, and Ecdyonurus spp., as well as 

simuliid dipterans, all increased after sediment input (Table 5.1). Overall 

changes in drift propensity in the impact reach were large (200%), particularly 

in the aforementioned taxa, and in Baetis muticus, chironomids and larval 

Helodidae. There was no effect on some other taxa that were relatively 

common in the drift, such as the mayflies Baetis scambus, Heptagenia lateralis 

and the coleopterans Elmis aenea, Limnius volkmarii or Oulimnius 

tuberculatus.

Visual inspection of DCA plots for both seasons illustrated that sediment 

addition had no marked effects on the taxonomic composition of the drift (Fig.

5.3), and drifting invertebrates formed assemblages that were equally distinct 

from the benthos both before and after sediment addition. Even though general 

assemblage composition apparently differed between the two streams according
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to ordination, drift responses to sediments were highly consistent across both 

streams and seasons (Fig. 5.4).

Benthic response to sediments

Benthic samples produced 56 taxa, with Baetis rhodani, Ephemerella ignita, 

Ecdyunurus spp. and chironomids the most abundant. Average densities in the 

treated reaches were slightly higher than control reaches before sediment input 

(Fig. 5.1), but sediment addition reversed this position, resulting in a significant 

reduction in overall benthic density of > 300 individual / m2 (Fig. 5.1). In 

particular, densities of Baetis rhodani, Ecdyonurus sp. and Leuctra (hippopus + 

mosleyi) were significantly reduced in impacted reaches after sand addition by 

26-63% (Table 5.1). Ordination showed that there were no changes in overall 

taxonomic composition (Fig. 5.3). As with the drift, benthic invertebrate in the 

two study streams formed distinct groups in DCA plots for both seasons, but 

sediment effects on density were consistent across sites and seasons (Fig. 5.4).

5.4 Discussion

These results support the hypothesis that small increases in sediment loads to 

stony streams increase invertebrate drift and reduce benthic density, at least
9 •over short time-periods. Sediment additions of just 4-5 kg /m , covering the 

benthos to levels typically seen at the lower range of deposition of this same 

catchment, increased drift density or propensity in simuliids, chironomids and 

several mayflies, with the latter also declining consistently in benthic numbers. 

Drift responses were not immediate (Rosenberg & Wiens, 1978; Culp et a l , 

1985; Doeg & Koehn, 1994), but delayed into the first period of darkness 

following sediment addition, suggesting avoidance of apparently impaired 

habitat rather than immediate behavioural displacement (Fairchild et al, 1987; 

Matthaei et al., 2006). This form of behavioural drift and redistribution is well- 

known as a response to local carrying capacity and habitat conditions, 

particularly where reduced food quality or availability prompts individuals to 

seek new patches (Hildebrand, 1974). However, because drift carries a 

predation risk, it is mostly nocturnal in locations occupied by drift-feeding
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fishes, and it is interesting that drift from sediment-impacted patches here was 

deferred into darkness. Diel activity patterns in epilithic grazers such as 

mayflies also mean that surface-deposited sediments might not be encountered 

until darkness (Glozier & Culp, 1989). Interestingly, leuctrid stoneflies also 

declined in the benthos following sediment addition despite showing no change 

in drift suggesting that other avoidance behaviours might also have occurred, 

such as movement into the hyporheos.

Despite apparently straightforward support for the hypothesis under test, 

several aspects of our results require cautious interpretation. As well as water 

quality or temperature, biotic factors such as food scarcity, competition and the 

presence of predators can influence drift densities (e.g. James et al., 2008). 

Drift can therefore vary significantly not only through the diel cycle, but even 

between days in the same week (Brittain & Eikeland, 1988). Variations also 

occur among streams, as well as vertically and horizontally within streams, 

potentially affecting estimates based on small numbers of observations (Jones 

et al, 2001). Variations around the drift profiles during our experiment reflect 

some of these differences between sampling sessions and streams after 

accounting for varying discharge. However, our experimental BACIP design, 

with matched control with impact reaches and analysis focussed on the 

differences between them, meant that any confounding effects were unlikely 

(Stewart-Oaten & Bence, 2001). Moreover, despite some variability, the 

direction of all results was consistent between seasons and study streams, 

allowing a more confident interpretation of observed effects.

Three particular methodological aspects of our study were not controlled by our 

design and require particular attention. First, the possibility exists that extreme 

invertebrate drift distances might have exceeded the length of our experimental 

reaches, so that not all invertebrates captured in the drift had necessarily 

originated from the treated areas (Brittain & Eikeland, 1988). However, 

changes in such effects during the experiment would be an unlikely explanation 

for apparently enhanced drift in both treated reaches and on both experimental 

occasions. Moreover, typical drift distances are much less than our 

experimental reaches, and typically < 2-20m (Allan, 1995). Secondly, and
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linked to the previous point, upstream drift nets in the reference reaches might 

have intercepted drifting invertebrates and therefore contributed to the 

reduction in treatment-reach density over the course of the experiment. I rule 

out this possibility because any such effects should already have been apparent 

before sediment addition (i.e. on the second ‘Before’ day) rather than following 

sediment addition. Thirdly, the type of sediments I added, although formed 

from siliceous sand comparable in size and composition to the naturally 

occurring fine fraction in the Usk system, may have differed in other features, 

such as sphericity and angularity. These features can be relevant ecologically 

(Holomuzki & Biggs, 2003). However, any such effects would limit the 

application of the results to the Usk rather than their general relevance to other 

locations where sandy sediments enter streams.

Although not common, other studies have reported the effects of experimental 

sediment additions and turbidity on drift, but comparisons with our experiment 

are complicated by the differences in the methods, designs and sediment 

characteristics used. For example, Rosenmberg & Wiens (1978) and Doeg & 

Milledge (1994) detected an immediate drift response to increased suspended 

clay and silt sediments in natural channels, but neither measured behavioural 

drift at night nor used a replicated or controlled design. Culp et al (1985) 

added sand to two contrasting streams and recorded immediate and delayed 

drift only where sand particles were transported downstream by saltation, 

suggesting that sediment-flow interactions are important to invertebrate 

redistribution. Similarly, working in a flume, Gibbins et a l (2007) showed that 

fine sediment movement could trigger substantial drift, concluding that even 

low bed loads could denude stream patches of invertebrates. In our study, I did 

not measure the rate of sand displacement, but most of the material added was 

transported away from the treated reaches after 24 hours illustrating that 

saltation and/or suspension must have been occurring. However, Suren & 

Jowett (2001) demonstrated that even deposited, non-saltating, fine sediments 

(~12 kg/m2) caused significant drift coupled with decreased benthic densities in 

some taxa. In complete contrast, Bond & Downes (2003) concluded from 

experimental manipulations that suspended sediment additions to experimental 

streams had no additional effects in displacing invertebrates over those caused
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by flow increase alone. The sediment size range was very similar to that in our 

study, although drift was recorded over a much shorter, diurnal period that, if 

used in our experiment, would have failed to detect the subsequent increase in 

nocturnal drift. With the exception of this last study, and notwithstanding some 

variations with respect to the timing and possible mechanisms involved, overall 

our work is consistent with previous data in confirming that invertebrates drift 

in response to sediments even at the low loadings used.

Despite their limitations, freshwater ecology has a long history of using 

experiments at small spatio-temporal extents to examine the potential effects of 

larger-scale phenomena. Examples include investigating the role of drift or 

refuge effects in large-scale disturbance and recolonization (Townsend & 

Hildrew, 1976; Palmer, Bely & Berg, 1992), or assessing the short-term (< 

24h) sensitivity of invertebrates to globally widespread pollutants (Ormerod & 

Edwards, 1987). In all these cases, there are difficulties in scaling-up, but 

equally there are major benefits in understanding whether effects observed at 

one support patterns observed at other scales. In keeping with these concepts, a 

secondary aim of this experiment was to examine how drift responses to 

sediments might corroborate previous survey work in the same river system 

that related invertebrate assemblages, trait composition and apparent species 

sensitivity to large-scale sediment cover (Larsen, Vaughan & Ormerod 2009; 

Larsen & Ormerod, in review). There are limitations here because the 24h 

treatment period was apparently insufficient to reduce benthic richness or alter 

community composition. Moreover, the limited reach length in our experiment 

means also that drift responses will have represented local redistribution of 

organisms between patches rather than larger-scale impairment. Additionally, 

because experiments on drift are likely to capture a different set of taxa from 

benthic sampling (see Fig. 5.4), there are also difficulties in comparisons with 

taxa whose sensitivity to sediments was shown from benthic data. 

Nevertheless, substantially reduced density in treated reaches is an illustration 

of how longer-term sediment effects on benthic organisms might arise and 

develop where sediment delivery is sustained.

133



In our larger-scale surveys, the overall richness of Ephemeroptera, Plecoptera 

and Trichoptera was reduced at sediment-treated sites, to which a longer-term 

displacement of Baetis rhodani, B muticus and Ecdyonurus spp. could 

contribute. Baetis spp, generally avoid fine substrata (Wagner, 1989; Wood et 

al, 2005), and also drift rapidly as bedload transport increases (Gibbins et al., 

2007). Simuliids, also, are intolerant to smothering in agreement with the 

increased drift densities in our impacted reaches (Minshall, 1984; Larsen et al, 

2009). Our previous work showed that taxa sensitive to sediments were 

characterised by particular feeding or behavioural traits (Larsen & Ormerod, in 

review), and this is again consistent with the drift and density data here. For 

example, simuliids are filter-feeders whose mouthparts can be impaired by fine 

particles (Strand & Merritt, 1997). Baetis and Ecdyonurus species are mostly 

scrapers in which feeding would be quickly impaired on smothered periphyton 

even if the short duration of the experiment will not have altered underlying 

periphyton quality.

Overall, even if the temporal and spatial scale of this experiment was limited, 

the data show how even small increases in fine sediment supply to upland 

streams can reduce benthic density by promoting drift. Many temperate river 

catchments are now characterised by land use practices that increase sediment 

delivery to streams, for example through the conversion of natural vegetation to 

pasture and the removal of riparian trees. Both appear to increase the risks of 

sediment release in the Usk (Larsen et a l,  2009). Small-scale effects like those 

observed here could, therefore, form part of a larger scale attrition of stream 

integrity. I suggest that larger, longer-term experiments would be a valuable 

means of assessing this possibility.
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5.6 Tables and Figures

Table 5.1 Mixed effect model (N=12) BACIP F  and P values of the effect of 

sand addition to drift and benthic variables for the two streams and seasons 

combined. See text for details.

Drift variables F {2, 6) P % change in Impact reach
Total density 15.9 0.004 + 45%
Total propensity 66.7 0.0001 + 200%
Baetis rhodani density 15.8 0.004 + 63%
Ecdyonurus spp. density 47.7 0.0002 + 26%
Simulidae density 10.4 0.01 + 81%
Baetis rhodani propensity 12.2 0.007 + 155%
Ecdyonurus sp. propensity 15.8 0.004 + 422%
Baetis muticus propensity 6.0 0.03 + 437%
Helodidae propensity 4.5 0.05 + 121%
Chironomidae propensity 7.2 0.02 + 433%
Benthic variables
Total density 14.0 0.005 - 30%
Baetis rhodani 4.75 0.05 - 63%
Ecdyonurus sp. 11.0 0.009 - 26%
Leuctra 29.5 0.0008 - 50%
(h ippopus+moselyi)
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Chapter 6 - Experimental effects o f sediment

deposition on macroinvertebrate structure and function 

in temperate streams

Summary

1. Fine sediment in streams and rivers is one of the most globally widespread of 
all freshwater pollutants. However, the ecological implications are still poorly 
quantified, and field experiments to assess likely functional and structural effects 
are scarce.

2. I assessed the response of stream invertebrates to fine sediment (i.e. inert sand) 
added to trays (n = 65) containing otherwise natural substrata over a three-week 
period in three replicate streams in the Usk catchment, Wales.

3. Sediment addition to 0.6 -  18 kg/m2 affected both the structure and functional 
composition of invertebrate communities. Abundance also declined significantly 
in total and in common species (Baetis rhodani, Ecdyonurus sp., and Leuctra 
geniculata)

4. Sediment reduced richness and overall trait diversity, while different life- 
history traits were either favoured (polivoltinism, tegumental respiration and 
burrowing behaviour) or disfavoured (swimmers, attached taxa, gill respiration). 
Moreover, sediments appeared to promote a nested sub-set pattern in species 
composition, with generalists favoured at the expense of specialists either through 
exclusion or impaired colonisation. Effects were due largely to the loss of five 
species that contributed to the significant nestedness across the sand gradient.

5. This short-term experiment supports recent surveys and drift experiments in 
indicating how sedimentation can changes the structural and functional 
composition of stream invertebrates even in low to moderate quantities. In 
revealing direct effects on trait diversity, trait representation and nestedness, the 
data are also consistent with survey data in indicating that sediments have 
conservation ramifications.
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6.1 Introduction

The entrainment and deposition of inert fine particles, arising from catchment and 

riparian modification, is one of the most widespread of all pollution problems 

affecting freshwaters globally (Waters, 1995). In United States, siltation is the 

principal source of impairment on the basis of stream distance impacted (USEPA 

2000), while sediment fluxes throughout the world are increasing as catchments 

are progressively modified (Owens et al, 2005). Consequent changes in water 

quality and habitat character affect aquatic organisms across all trophic levels 

through mechanisms that include (i) increasing turbidity, reducing primary 

production and available light for visual predators (Davies-Colley et al, 1992; 

Davies-Colley & Smith, 2001); (ii) changing substratum structure and benthic 

habitat (Schalchli, 1992; Rehg, Packman & Ren, 2005); (iii) filling interstices, 

thus altering hydrological exchange between surface and groundwater while 

decreasing nutrient and oxygen supply to the hyporheos (Turnpenny & Williams, 

1980; Richards & Bacon, 1994) and iv) reducing salmonids eggs survival and 

affecting other hyporheic organisms via oxygen depletion (Argent & Flebbe, 

1999; Greig, Sear & Carling, 2005).

In agricultural catchments, sediments can arise from point-sources, such as 

livestock poaching and bank erosion, or from large-scale diffuse release, for 

example from tillage and deforestation (Kreutzweiser, Capell & Good, 2005; 

Larsen, Vaughan & Ormerod, 2009). In these cases, increasing sedimentation is 

often associated with wider habitat modifications and other in-stream stressors 

resulting in complex synergistic or antagonistic ecological responses (Townsend, 

Uhlmann & Matthaei, 2008). For example, nutrients, pesticides and altered 

hydraulic and thermal regimes can potentially mask or exacerbate biological 

effects of sediments. Global climate change is also likely to modify precipitation 

and hydrologic regimes therefore altering soil erosion rates and sediment transport 

(Wilby, Dalgleish & Foster, 1997). Under all these circumstances, improved 

quantification of the ecological effects of sediments and improved understanding 

of the underlying mechanisms is a major requirement.
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In the River Usk, a temperate, upland river draining a sandstone-rich catchment in 

Wales (UK), recent surveys have shown how localised sediment delivery and 

patch-to-patch variation in sediment deposition have been associated with reduced 

richness and densities of sensitive taxa, altered representation of certain life- 

history or behavioural traits, and reduced trait diversity (Larsen et al., 2009; 

Larsen & Ormerod, in review). As is typical with large-scale surveys, however, 

these data were correlative rather than clear indications of cause and effect 

(Manel, Buckton & Ormerod, 2000). Here, and elsewhere, laboratory or field 

manipulations of sediment character or deposition rate offer a method of 

corroborating larger-scale effects (Angradi, 1999; Townsend et al., 2008), 

investigating the possible mechanisms involved (Larsen and Ormerod in review), 

or appraising directly the functional responses of impacted organisms (Rabeni, 

Doisy & Zweig, 2005; Townsend et al., 2008).

In this paper, I describe the results of a field experiment in the Usk river system, 

replicated at the stream scale, designed to mimic the patch-scale effects of 

sediments. I increased the deposition of fine sand in trays filled with natural 

substrata held in situ to investigate effects on macroinvertebrate composition, 

abundance and functional characteristics. Based on previous findings from this 

catchment and elsewhere (Angradi, 1999; Doledec et al, 2006; Matthaei et al, 

2006; Townsend et al., 2008; Larsen et al., 2009; Larsen & Ormerod, in review), I 

tested the following predictions:

i) invertebrate density, diversity and richness should decline with 

increasing sediments;

ii) the representation of shorter life -cycles, smaller sizes, tegumental 

respiration, detrital feeding and burrowing traits should be favoured in 

sediment-rich trays, while longer life cycles, larger size, gill 

respiration, filtering, grazing and temporary attachment should be 

disfavoured;

iii) overall trait diversity should decline with increasing sediments.

The experiment also allowed us to test the hypothesis that local sedimentation can 

alter colonization patterns and promote nestedness in invertebrate community
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structure (Larsen and Ormerod, in review). Nested sub-set patterns occur where 

species present in depauperate locations constitute a subset of the species in richer 

locations. In perfectly nested systems, rare taxa only occur in the richest site and 

generalists at most sites. While nestedness analysis was initially developed as a 

mean o f testing biogeographical theories (Atmar & Patterson, 1993; Hecnar et al, 

2002), applications to conservation and management are increasing (Fleishman et 

al, 2007). This is because nested subsets in species composition can arise not only 

from extinction and colonization processes over broad spatio-temporal extents, 

but also from human disturbance, habitat alteration and even behavioural effects 

on patch use (Fernandez-Juricic, 2002; Summerville, Veech & Crist, 2002; 

Hylander et al, 2005). I examined the possibility that sediment deposition could 

promote a nested sub-set pattern in species occurrence across trays, for example 

by impairing colonization by specialist and rare taxa during the experiment.

6.2 Methods

Study area

The river Crai, Cynrig and Tarell are three, third-order tributaries (3-5 m wide) of 

the River Usk, in Wales, at 250-300 m. above sea level (National Grid Reference: 

SN881235, SO048247, S0009269, respectively). The reaches selected for the 

experiment (c 30 m) drained a blend of scattered deciduous woodland, improved 

grassland and rough pasture. Each was partially shaded by deciduous trees with 

substrata mainly of boulders, cobbles and pebbles and some gravel. Stream 

reaches were chosen for their relative similarity in geomorphology, faunal 

composition and riparian / catchment land-use as informed by previous surveys 

(Larsen et al., 2009).

Stream waters were relatively clean, well oxygenated and rich in carbonates, with 

pH 7.2-8 and plant nutrients generally low (< 2 mg nitrate/L). In some locations, 

where natural riparian vegetation has been removed and livestock have access to 

the stream banks, erosion has resulted in localised release and deposition of 

relatively coarse sediments (Larsen et al., 2009). I attempted to recreate such
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patch-scale variation in deposited sediments under controlled conditions in situ in 

the three selected streams.

Experimental design

Following an approach similar to that of Angradi (1999), 22 plastic trays (18 x 12 

x 5 cm), filled with natural substrata collected on site and composed of gravel, 

pebble and cobble, were deployed in each of the three streams on the 19th of July 

2008 across a 30 m stretch within glide / run habitats with relatively homogeneous 

flow (c 20 -30 cm/s). Each filled tray weighed c. 2 kg and was positioned in the 

stream bed so that the substratum surface in the tray was flush with the stream 

bed. In each stream, immediately after installation, trays were either covered with 

1 kg of sand (33% in weight, or c 40 kg/m2; n = 6), with 2 kg of sand (50% in 

weight, or c 80 kg/m ; n = 6) or left as controls (no sand added; n = 6). 

Additionally, to maintain the intended sediment concentration over the 

experimental period and to simulate sediment re-supply, four additional trays in 

each stream were covered with 1 kg of sand on two occasions; at the beginning of 

the experiment and then again after a week, thus receiving 2 kg in total. Size 

distribution of sand used here (0.2 -  1 mm) was similar to natural occurring 

sediments in the catchment (Larsen et a l , 2009).

Trays were left in the streams for 19 days, with this interval determined by the 

risk and impact of high-flow events during this abnormally wet summer. Water 

velocity and depth immediately in front of each tray was monitored every three 

days for the duration of the experiment, while water temperature, conductivity and 

pH were also measured on three occasions. Although the experiment covered a 

relatively short period, associated work showed that sediment effects on stream 

invertebrates in the Usk can develop even within 24h (Larsen & Ormerod, in 

press). Moreover, a longer colonization period would have decreased the sediment 

gradient towards ambient conditions.

Trays were eventually retrieved paying attention not to lose any invertebrates or 

organic detritus by covering them with a net at the time of collection (mesh 0.2 

mm). In addition, two pooled Surber samples (0.09 m2; 0.44mm) were taken at the 

time of tray collection to assess how closely assemblages in trays represented the
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faunal composition in each stream. The contents of each tray and Surber sample 

were sorted in the laboratory where invertebrates were separated from coarse 

particulate organic matter (CPOM), which was then dried and weighed. A sieve of 

2 mm was used to retain the fine sediment fraction which was also dried and 

weighed to assess how closely sediment additions had produced the intended 

sediment cover. Invertebrates were identified, where practicable, to species.

Data analysis

Because background sediment accumulation in each tray would cause variations 

relative to the nominal additions, I used the exact mass of sand per-unit-area of 

tray substrate as a continuous variable to express sediment effects on the 

invertebrates. Data from all the three streams were combined in analysis in order 

to maximise sample size and decrease the risk that species occurred in individual 

trays by chance.

Prior to any further analysis, I used Detrended Correspondence Analysis to 

parameterise variations in invertebrate assemblages among samples (DCA; Hill & 

Gauch, 1980). This ordination technique arranges samples with similar 

composition onto orthogonal axes that can be used in subsequent analyses. 

Preliminary investigation showed that species responded unimodally to sediment 

cover rather than rectilinearly, suggesting that this technique was appropriate 

(Jongman, Ter Braak & Van Tongeren, 1995). After removing taxa that did not 

occur in all four streams, 18 were included in the ordination. Arithmetic and 

transformed abundances gave near-identical ordination results, and only analyses 

based on arithmetic abundances are presented.

To assess treatment effects on the taxonomic richness, diversity, individual 

abundances and community composition (i.e. sample ordination scores) of 

invertebrates, I used mixed-effects models, where stream identity was included as 

a random factor in analysis, while fine sediments and CPOM were considered 

fixed factors. Mixed models are appropriate for the data, providing flexibility in 

representing the covariance structure induced by data grouping (Pinheiro & Bates, 

2000). In other words, the analysis takes into account the difference in species 

composition and biological response to treatment among the streams. I also
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assessed the influence of water flow on sediment levels, and measured the 

correlation between sediment and CPOM in trays.

Similarity in taxonomic composition among trays and adjacent Surber samples 

was assessed using the Bray-Curtis Similarity index. Specifically, I plotted the 

similarity between control trays and treated trays, and between all trays and 

Surber samples, against sediment content. To allow direct comparison of richness 

between control trays and Surbers, I used EcoSim simulation software (Gotelli & 

Entsminger, 1997) to rarefy Surber richness based on the average abundance in 

control trays.

To describe communities according to their functional trait representation, I 

defined 48 categories of 11 life-history and behavioural traits using available 

information (Richoux, 1994; Tachet, Usseglio-Polatera & Roux, 1994; Usseglio- 

Polatera, 1994; Usseglio-Polatera & Tachet, 1994; Tachet et al, 2000). The 

affinity o f each taxon for each trait category was described using fuzzy coding 

(Chevenet, Doledec & Chessel, 1994). Information on trait coding was available 

only at the genus level, so I used this level of identification for all trait analysis. 

Each taxon was given an affinity score that ranged between 0 (no affinity) and 3, 

or 0 and 5. When no exact information was available for a given taxon for a given 

trait, an affinity of 0 was applied so that the taxon was treated as though it had the 

average profile of the corresponding trait (Doledec, Statzner & Boumard, 1999). 

Affinity scores were rescaled as proportions (sum = 1) for each taxon, thus 

representing the probability that any taxon belonged to a particular category. For 

each site, the resulting species x trait-category matrix was multiplied by the site x 

species-abundance matrix to give a site x trait abundance matrix. The abundance- 

weighted trait matrix were then defined as a frequency distribution of categories 

for each trait (Doledec, Olivier & Statzner, 2000; Archaimbault, Usseglio-Polatera 

& Bossche, 2005). Fuzzy Correspondence Analysis (FCA) was used on the trait 

matrix to obtain scores of each tray based on overall trait composition (Chevenet 

et al., 1994). The scores were then used to assess if sediment affected overall trait 

representation again using mixed modelling. Trait diversity (TD) in each tray was 

calculated as the average Simpson diversity (S) across all categories within each 

trait:
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TD = S = 1-D/, where D, = Z (n /N )2

With Dj = Dominance index of trait i\ nj = relative abundance of trait category j\ N 

— total abundance of all trait categories. The average of S across all traits was 

calculated to reduce lack of independence among traits (e.g. Beche & Resh, 
2007).

To assess if  specific traits varied with sediment content, the proportion of trait 

categories describing maximal size, life cycles, numbers of generations per year, 

respiration, feeding and locomotion were analysed using mixed effect models as 

before. Proportions were arcsin Vx transformed before analysis to homogenize 

variances. For this particular test on trait categories, I corrected alpha values (= 

0.05) by dividing by the number of categories within each trait (e.g. if a given trait 

has five categories, for significance alpha = 0.01; Beche, McElravy & Resh,

2006).

Nestedness across sites was calculated using the binary-matrix nestedness 

temperature calculator (BINMATNEST; Rodriguez-Girones & Santamaria, 2006), 

which is a recent improvement of the nested-temperature method of Atmar and 

Patterson (1993) in that it uses a more robust algorithm for matrix packing. The 

temperature method was chosen as it is relatively insensitive to matrix size and 

correlates well with other existing metrics (Wright, Furse & Moss, 1998). 

Working on the species presence / absence matrix, BINMATNEST re-orders rows 

and columns maximising matrix nestedness and then calculates a temperature 

(ranging over 0 - 1 0 0  °C), which reflects the matrix deviation from an ideal 

nested structure; perfectly nested matrices with rare taxa in rich locations have T 

= 0°C while totally random matrices have T = 100°C. The temperatures of 400 

simulated matrices using Monte-Carlo randomization were used to calculate the 

statistical significance of the observed temperature against chance expectation. In 

the matrix simulations, I used the more conservative null-model III where the 

probability of a cell being occupied equals the average probabilities of occupancy 

of its row and column. This model is particularly reliable as it is less sensitive to 

species richness and occurrences (Rodriguez-Girones & Santamaria, 2006). The
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order with which the maximally packed matrix is sorted can then be compared 

with independent correlated to assess the likely drivers of nestedness. I used 

Spearman-rank correlation to evaluate the influence of sediment levels on the 

nested patterns of communities in trays (see Schouten et al, 2007; Heino, Mykra 

& Muotka, 2009 for a similar approach).

To examine which taxa contributed significantly to the overall nestedness I used 

the Mann-Whitney test on individual taxa. This is a two group test where 

presences (1) and absences (0) constitute the groups in the presence-absence 

matrix. For each taxon, the test gives the probability that the observed sequence of 

presences and absences differs from a random one (i.e. conforms to a nested 

pattern). To test specifically whether sediment treatment promoted “nestedness” 

of individual taxa I first sorted the presence-absence matrix by increasing 

sediments. In this case, a perfectly “nested” species would have no presences 

(“ 1”) after the first absence (“0”) along the sediment gradient. This approach has 

been used by Fernandez-Juricic (2002), Hecnar et al. (2002) and Summerville et 

al. (2002). Although this method assesses the “nestedness” of individual taxa and 

it is useful to appraise specific contribution to the formation of nested subset 

patterns, real nestedness remains a property of assemblages since, by definition, it 

has a multi-species basis.

6.3 Results

Physical conditions

Throughout the experiment, average current velocity in the steams ranged 

between 7 and 26 cm/s across trays, with water depths 6 - 1 8  cm. Average 

conductivity was c. 140 ps/cm, pH c. 7.5, and stream temperature 14.5 -  17 

C°.Nitrate concentrations were similar across streams, averaging 1.3 mg/L, while 

phosphates were very low (c. 0.01 mg/L).

Upon retrieval, fine sediments accumulation in the trays ranged over 13 -  414 g (c

0.6 -  18 kg/m2), or c. 1 -  23 % in proportional weight. In the untreated control 

trays (ambient substratum mixture), sediment weight ranged over 13 -  66 g (mean
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= 50 g ± 13 S.D.). One tray was lost so that the final sample size was 65 trays. 

There was a tendency for lower sediment retention with increasing current 

velocity, but this trend was only marginally significant (p = 0.07). Compared to 

controls, CPOM content decreased by about 70% in the most sediment-affected 

trays (slope = -0.006; P=0.007; Fig. 6.1).

Invertebrate structure

Among the 34 taxa collected, Baetis rhodani, Ecdyonurus sp., Leuctra moselyi, 

Ephemerella ignita and Chironomidae were the most common. Taxon richness 

ranged between 4 and 14 (mean = 7 ± 2.16 S.D.) across trays, while abundances 

were 7 - 1 1 1  individuals / tray.

Mixed models showed that abundances and taxon richness were affected 

negatively by fine sediments, but not taxonomic diversity (Simpson index; Table 

6.1; Fig. 6.2). Among individual taxa, the abundances of B. rhodani, Ecdyonurus 

sp., Leuctra geniculata, and Gammarus pulex were all affected by sediments 

(Table 6.1).

In community assessment, two DC A axes explained c 50 % of species variation 

across trays, with both axes showing significant relationships with sediment 

amount (Table 6.1 and Fig. 6.3). Most species in the ordination appeared to prefer 

sediment-free conditions, being located mostly in the upper right quadrant of the 

factorial plane (Fig. 6.1). Taxa apparently more common in sediment rich trays 

included chironomids, dytiscids and the mayfly Habrophlebia fusca. In contrast, 

the amount of CPOM in trays appeared to have no significant effects on species 

composition (DCA axes), richness or the abundance of individual taxa, implying 

that sediment affects were direct rather than being mediated through effects on 

organic detritus.

Comparison between Surber samples and control trays revealed some differences, 

and in particular average rarefied richness in Surber samples was 12-15 taxa, 

while the average richness in control trays was eight. Hydropsyche siltalai, H. 

instabilis, Rithrogena semicolorata, Rhyacophila obliterata, Halesus sp., Perla 

bipunctata, Tipulidae, Dytiscidae and Oreodytes sanmarchii were exclusive to
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Surber samples. Despite having reduced richness, 70% (i.e. 21) of the 30 taxa 

collected by Surber samplers were also present in control trays. Interestingly five 

taxa collected in control trays were not observed in Surbers: Habrophlebia fusca, 

Odontocerum albicorne, Melampophylax mucoreus, Silo pallipes and 

Psychodidae. Mostly these were rare taxa, with only few occurrences in control 

trays.

Average Bray-Curtis Similarity between Surber samples and trays (control + 

treatment) declined significantly with increasing sediment content, with control 

trays distinctively more similar to Surbers (Fig. 6.4). Sediment addition also 

reduced the average similarity between treatment trays and controls (Fig. 6.4).

Functional response

The first factorial plane of the FCA explained > 74 % of the variation in 

biological traits across sites. Both axes were significantly related to fine sediment 

amount in trays implying that overall trait representation was affected by sediment 

addition (Table 6.1).

Further effect of sediments on the trait structure was evident from the significant 

decline in overall trait diversity with increasing sediments (Table 6.1). Mixed 

models showed that several trait categories responded to sediments (Table 6.2). In 

particular, taxa characterised by shorter life cycles, detrital feeding and burrowing 

were all represented more in sediment-rich trays, while ovoviviparity, gill 

respiration, and temporarily attached taxa were disfavoured. There was no effect 

on the representation of different body sizes and number of generations per year.

Except for a proportional increase in shredder representation with increasing 

coarse organic matter (P = 0.016; not significant after correction based on number 

of categories), no effect of CPOM on trait representation was observed.

Nested subset pattern

Across the experimental trays, macroinvertebrate communities were significantly 

nested (T = 16.4; P  < 0.001). Site ranking in the maximally-packed species-matrix 

(i.e. the matrix ordered to maximise nestedness) was significantly correlated with

155



sediment ranking across trays. In other words, there was a progressive loss of taxa 

with increasing sediment accumulation. The Mann -Whitney test showed that the 

loss of five taxa contributed to the significant nestedness along the sedimentation 

gradient (Table 6.3): B. rhodani, Ecdyonurus sp., Leuctra geniculata, simuliids 

and, to a lesser extent, Ephemerella ignita.

6.4 Discussion

These experimental data confirm that even low to moderate amounts of sediment 

can alter the patch-scale richness, abundance, community composition, trait 

diversity and trait composition of invertebrates: feeding, attachment, respiration 

and life-cycle traits all appeared to increase species’ sensitivity to sediment 

addition. As with all experimental manipulations in ecology, there are some 

limitations in our approach, related mostly to the small-scale and short-term 

nature of the experiment. In large part, however, the data are consistent with other 

large-scale surveys and experiments in indicating how sediments can change 

benthic invertebrate assemblages. In particular, the results mirrored the effects of 

patch-scale (c. lm  ) variation in deposited sediments on invertebrates in the same 

catchments (Larsen et al., 2009). I expand on these points in the discussion that 

follows.

Ecological experiments at small spatio-temporal scales are used often to 

investigate the mechanisms involved in larger-scale phenomena. However, care is 

needed in scaling-up biological responses to larger-scale patterns. Both the 

duration of the experiment and size of our sample units were particularly small, so 

that limited colonisation time, patch-scale variability in invertebrate distribution, 

species-area effects, edge effects, representativeness and chance could all limit 

realism (Angradi, 1999). The clearest evidence for the restricted realism of our 

experiment came from differences in invertebrate composition between the Surber 

samples and trays, with species such as Hydropsiche siltalai, H. instabilis, Perla 

bipunctata and Simuliidae absent or underrepresented in the experimental tray 

units. As observed by Angradi (1999), their absence may be linked to the absence 

of larger, stable substrata (e.g. boulders) in trays that are used by some of these
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taxa for anchorage or refuge (e.g. Hydropsychidae, Simuliidae). Species are also 

inherently variable in their ability to colonise newly created conditions -  in this 

case those represented by introduced substrates (Boothroyd & Dickie, 1991; 

Olomukoro & Okologume, 2008). In addition to limits imposed by drift 

propensity among species, the enclosed nature of the trays could have altered 

interstitial flow and interstitial colonisation routes. Notwithstanding such effects, 

the fact that trays held 70% of the 30 taxa collected by Surber samplers illustrates 

that they represented benthic assemblages reasonably well. Moreover, 

progressive dissimilarity between manipulated trays and controls or Surber 

samples with increasing sediment deposition shows that any limits on tray 

colonisation did not mask sediment effects. Previous work on drift and changes in 

density in the Usk show that these effects can be generated very rapidly, and even 

within 24h (Larsen and Ormerod, in press).

One further positive feature of our experimental approach is that it allowed 

relatively high power through replication within streams, and also replication at 

the stream scale. With this design, sediment addition clearly altered invertebrate 

assemblage composition, abundance, and functional structure. Most of the 

observed responses were in-line with findings from previous surveys and 

experiments in the same catchment and elsewhere, thus reinforcing the validity 

and generalisation of our results. The observed decline in overall 

macroinvertebrates richness with increasing fine sediments likely reflects the 

negative effect on Ephemeroptera, Plecoptera and Trichoptera (EPT), which are 

among the dominant taxa in the Usk system, and are reported to be sensitive to 

fine sediments: a linear decline of EPT taxon richness with increasing sediment 

cover has been observed frequently both in experimental studies (Angradi, 1999; 

Matthaei et a l,  2006) and in larger scale surveys (Zweig & Rabeni, 2001; Kaller 

& Hartman, 2004; Townsend et a l,  2008; Larsen et a l,  2009; Pollard & Yuan, 

2009). Contrary to some studies (e.g. Lenat, Penrose & Eagleson, 1981), 

deposited sediments did not affect diversity indices of benthic communities in our 

trays possibly because the loss of rarer taxa at greater sediment cover led to fewer 

taxa that were more evenly distributed among individuals. This is a well 

recognised difficulty in interpreting diversity indices as opposed to richness.
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Sediment treatments also reduced dramatically overall invertebrate abundance by 

up to 90% with six common taxa significantly affected at effect sizes of c 40- 

90%. While this effects probably reflected reduced interstitial space (Bo et al,

2007), it is possible that a longer-term experiment would have allowed 

invertebrates composition to adjust to the sediment conditions and even result in 

increased density of tolerant taxa (Lenat et al., 1981). In grassland sites similar to 

those used here, the lower abundance I observed is consistent with previous data 

(Larsen et a l , 2009). Among the taxa affected, the mayflies Baetis rhodani and 

Ecdyonurus sp. are both grazers reportedly intolerant of sediment deposition 

(Rabeni et al., 2005) and Ecdyonurus is also a clinger requiring clean interstitial 

spaces to maintain position in the substratum (Rabeni et al., 2005; Pollard & 

Yuan, 2009). Leuctra geniculata appeared to be relatively sediment-intolerant in 

previous surveys and the abundance of both L. geniculata and L. moselyi was 

affected by a short-term experimental sediment addition in nearby streams (Larsen 

and Ormerod, in press). The amphipod Gammarus pulex was also negatively 

affected by sediment addition, although this trend was mostly due to one stream 

(Cynrig) where Gammarus dominated tray assemblages. Waters and Hokenstrom 

(1980) also reported reduced biomass of Gammarus in a small tributary of the 

upper Mississippi River after severe siltation.

In addition to changes in density and richness, I expected from previous findings 

that organisms with certain life-history traits would be affected by sediments (e.g. 

Rabeni & Smale, 1995; Doledec et a l,  2006; Townsend et al., 2008). Typically, 

the representation of filter feeders and K-selected (i.e. larger, long-lived) taxa is 

affected negatively by fine-sediment deposition. Filterers are intolerant to 

sediments because fine particles impair filtering devices (Lemly, 1982), while K- 

selected taxa could be excluded by the unstable and transient environments that 

occur in fine sediments (Richards et al, 1997; Townsend & Thompson, 2007; 

Larsen and Ormerod, in review). The reduced representation in the experimental 

trays of Hydropsychidae, Simuliidae and large stoneflies (e.g. Perla), prevented 

us from formally testing these hypotheses. Nevertheless, overall trait diversity 

declined with increasing sediment cover, and other life-history or behavioural 

traits responded as predicted to treatment. The observed reduction of invertebrate 

trait diversity with increasing fine sediments is in line with findings from previous
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surveys and reflects the specific selection (or filtering) of taxa according to their 

functional traits.

Evidence is increasingly clear that anthropogenic effects (e.g. land-use) can 

reduce functional diversity in ecological communities (Charvet et al, 2000; 

Houghton, 2007; Schweiger et al, 2007; Flynn et al, 2009) Across the 

experimental trays in this study, the representation of shorter life cycles, 

burrowers, fine detritus feeders and tegumental respiration all increased with fine 

sediments. These traits reflect some adaptation to habitats dominated by fine 

substrata, and the taxa which possess them can be favoured in sediment-rich 

environments (Rabeni et al., 2005; Doledec et a l,  2006; Townsend et a l, 2008). 

Groups with these traits in our experiment included chironomids, oligochaetes 

and, to a lesser extent, the trichopterans Odontocerum albicorne and Sericostoma 

personatum. Reproduction via free egg-clutches also appeared to be favoured by 

sedimentation, mostly due to the proportional increase of chironomids with 

increasing sediments. Similarly, reduced representation of ovoviviparity with 

sediment accumulation reflected negative effects on Gammarus, as no other taxon 

possessed this particular trait. Conversely, the decline in gill respiration, 

swimmers and taxa requiring attachment to the substratum appeared to be more 

community wide, consistent with previous observations (e.g. Townsend et a l,

2008). Organisms relying on gill respiration are particularly sensitive to fine 

particles that can impair their delicate respiratory structures (Lemly, 1982). In 

this instance, negative effects reflect the three common mayflies, B. rhodani, 

Ecdyonurus sp. and E. ignita. Also, particle-free surfaces are needed for those 

taxa requiring temporary attachment to the substratum and this could explain why 

simuliids colonized only untreated trays.

The consequences of alterations caused by sediments to the composition and 

diversity of trait representation in stream communities, for example for ecosystem 

function, are still poorly understood. This is also true of changes in the pattern of 

nestedness among stream species, where rarer taxa are lost in some locations 

where only commoner taxa persist. In this small-scale experiment, simuliids, B. 

rhodani, Ecdyonurus sp. and L. geniculata all contributed to the significant 

nestedness in species occurrences with increasing sedimentation. In other words,
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these taxa were absent more than expected by chance. Further evidence that 

experimental treatment promoted nestedness came from the significant rank- 

correlation between nestedness order of the presence / absence matrix (as 

calculated by BINMATNEST algorithm) and the amount of sediment in each tray. 

As with many other of the results from our experiment, similar patterns of 

nestedness have been shown at sediment-rich sites over larger areas (Larsen and 

Ormerod, in review), and it seems that trait-mediated sensitivity to sediments 

causes a non-random colonization -  extinction pattern that transcends scale to 

cause a nested sub-set pattern in species composition. This is also consistent with 

the nested habitats hypothesis (Hylander et a l , 2005), where the sediment 

gradient could reflect changing heterogeneity or complexity where sediment-free 

trays or sites harboured a wider range of micro-habitats (and thus a wider range of 

species from the available pool) than did sediment-impacted trays or locations. 

These results also suggest that nestedness can derive not only from large scale 

biogeographical processes, but also from variations in habitat quality and 

impairment (Fernandez-Juricic, 2002; Hylander et a l , 2005). Elsewhere, I have 

considered that alterations in both trait composition and nestedness caused by 

sediments may well have ramifications for conservation, by selectively removing 

not only key invertebrate traits and organism types, but also by changing the 

organisation of assemblages (Larsen and Ormerod, in review): if sediment 

impacted location can support only a sub-set of pre-adapted generalist species, 

increasing sedimentation worldwide could lead to the selective loss of certain 

species types. This possibility requires wider examination
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6.6 Tables and Figures

Table 6.1. The results of mixed-effects models showing the response of 

macroinvertebrate community variables and individual abundance to experimental 

sediment addition in the Usk catchment, Wales. Percentage change in each 

variable over the range of sediments accumulated is also shown.

Response variable Slope % change P
Richness -0.11 - 30% 0.001
E P T  richness -0 .12 - 46% <0.0001
Abundance -2 .6 - 90% <0.0001
D C A  axis 1 0.03 <0.0001
D C A  axis 2 -0 .03 0 .0004
Baetis rhodani -0 .018 - 42% 0.003
Ephemerella ignita -0 .014 - 59% 0.018
Ecdyonurus sp. -0.021 - 7 1 % <0.0001
Leuctra moselyi -0 .016 - 48% 0.011
Leuctra geniculata -0 .017 - 90% 0.002
Gammarus pulex -0 .04 - 70% <0.0001
Trait diversity -0 .0003 - 24% 0.001
FC A  axis 1 0 .016 <0.0001
FC A  axis 2 -0 .012 0 .0004

Notes:
1. N= 65; d.f = 61.
2. Study streams (3) were included as random factors. Only significant models are 
shown.
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Table 6.2. The results of mixed effects models showing how the representation of 

individual trait category responded to experimental sediment addition in the Usk 

catchment, Wales. Percentage change over the range of accumulated sediment is 

also shown. Conventions as in Table 6.1

Trait Category Slope % change P
Life-cycle duration < 1 year 0 .47 + 20% 0.001
Reproduction ovoviviparity -1.01 - 70% <0.001

Clutches, free 0.7 + 80% <0.001
Food Detritus >1m m 0.4 + 40% <0.001
Respiration Tegum ent 0.32 + 24% 0.012

Gill -0 .4 - 1 6 % -0.005
Locomotion Full swimmers -0 .52 - 26% <0.001

Interstitial 0 .13 + 14% 0.008
Burrower 0.41 + 50% <0.001
Temporarily attached -0 .14 - 24% 0.008
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Table 6.3. Mann-Whitney U test (z-scores) showing “nestedness” of individual 

taxa along the sediment gradient induced experimentally in three streams in the 

Usk catchment, Wales. * /?<0.05; only taxa included in the ordination are shown.

Taxon z-score P
Baetis rhodani -3 .19 0 .001*
Baetis scambus -0 .85 0 .20
Ephemerella ignita -1 .68 0 .04*
Ecdyonurus sp. -2 .86 0 .002*
Habrophlebia fusca -0 .05 0.48
Leuctra moselyi -0 .6 0.27
Leuctra geniculata -2 .27 0 .01*
Drusus annulatus -1 .13 0 .13
Sericostoma personatum -1 .2 0.11
Odontocerum albicorne -0 .84 0 .20
Simuliidae -2 .42 0 .007*
Chironom idae -1.6 0 .06
Elims aenea -0 .92 0.18
Esolus parallelepipedus -0.81 0 .20
Limnius volckmari -0 .92 0 .18
Dytiscidae -1 .14 0 .13
O ligochaetes -0 .84 0 .20
Gammarus pulex -0.11 0 .45
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Fig. 6.1. Relationship between CPOM (g / tray) and fine sediments in trays across 

the three replicate streams in the Usk catchment, Wales. Samples are grouped by 

stream (lines connecting samples to labels); Cr = Crai; Cy = Cynrig; Ta = Tarell. 

Parameters are based on mixed-effects model with streams as random factors.
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Fig. 6.2. Relationship between taxon richness (a) and abundance (b) and fine 

sediment content in trays across the three replicate streams in the Usk catchment, 

Wales. Details as in Fig. 1.
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Surber samples in relation to fine sediment content during an experiment 

involving sediment addition to three streams in the Usk catchment, Wales. 

Control trays are in grey, b) Average similarity of treated trays to control trays in 

relation to fine sediment content. Parameters are based on mixed-effects model.
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Chapter 7 - General discussion

Most of the UK landscape was covered by woodland until c 5000 years ago, 

when Mesolithic settlements resulted in increasing clearings of woodland areas 

(Owens & Walling, 2002). Since then, land clearance and cultivation 

associated with population growth have significantly accelerated land erosion 

and altered geomorphic processes on land and in river systems (Evans, 1990). 

There is now widespread recognition that catchment and floodplain 

modification by humans have been responsible for altered sediment regimes 

across all continents (Owens et al, 2005) with such trends superimposed over 

climate-change effects. Despite increasing research effort, current knowledge 

on the ecological effects of increased sediments supply to lotic systems is 

dominated by a structural approach describing community changes and 

species-specific tolerance. Functional response and conservation implications 

have been assessed only recently, but our understanding is still limited by the 

variable nature of sediment character and the associated multi-scale 

covariables.

As noted in the introduction, work on this thesis began with the challenge of 

quantifying the ecological effects of sediments in the Usk system, and 

separating them from other possible confounding effects on the distribution, 

composition and trait character of organisms. By adopting field surveys and 

experiments, as well as ready-available data on land-use and geomorphology, 

the work was able to assess the extent and the potential causes of sediment 

delivery in the Upper Usk catchment, Wales. Also, in demonstrating how 

stream-invertebrate richness, composition and specific trait representation were 

affected by increasing deposited sediments, most of the initial hypotheses were 

supported. More importantly, several response patterns of benthic invertebrates 

appeared consistent between surveys and experiments, thus reinforcing their 

generalisation. This also shed light on some of the potential mechanisms 

involved. Finally, the thesis also highlighted important aspects related to 

conservation of benthic taxa and their functional diversity in face of increasing 

sediment delivery to lotic waters worldwide.
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Land-use and fine sediments in the upper Usk catchment 

In the Upper Usk catchment, land-use and, in particular, the extent of 

woodland cover and bank erosion appeared to influence sediment delivery in 

streams. As seen in Chapter 2, these relatively coarse sediments are likely 

generate from within the channel (Knighton, 1998), as previously estimated for 

other catchments in the region (Walling, Collins & McMellin, 2003). Both 

surveys at catchment and patch scale were obviously no more than a snapshot 

and it is likely that in-stream sediment conditions may vary rapidly in these 

flashy streams (Environment Agency, 1998). Relatively low sediment cover 

was in fact observed also in grassland locations with eroded banks, so that 

other factors besides woodland cover may influence sediment loads. 

Nonetheless, this localised variation in sediment character was accompanied by 

significant structural and functional effects on macroinvertebrates communities 

that were revealed only at the higher spatial resolution (patch scale). Sediment 

effects were negligible at the reach scale as the larger stream bed area covered 

with the hand-net likely comprised many sediment free patches or refugia. 

Larger scale differences in dominant land-use and associated stream water 

quality (BOD, nitrates) appeared to influence the benthic fauna at this scale. In 

addition, dominant land-use appeared to mediate sediment effects at the patch 

scale where invertebrates’ response differed between upland and grassland 

sites. This is consistent with other findings where sediment effects were 

stronger for streams in semi-natural conditions (Matthaei et al, 2006). 

Therefore, despite the Usk river system being a Special Area of Conservation 

under the EU Habitats Directive (92/43/EEC), results show that even extensive 

land-use practises and limited sediment release could have important 

ecological consequences in semi-natural catchments. Although localised, bank 

erosion and livestock grazing adjacent stream channels could have far-reaching 

effects on in-stream habitat (Braccia & Voshell, 2007).

Certainly, specific research is needed to identify patterns of sediment 

mobilisation, transport and storage as well as the main sediment sources across 

the catchment with confidence (e.g. fingerprinting), but future management 

should consider investing in impeding livestock access to stream channels (by 

fencing or moving field access away from water courses) and riparian
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reforestation. Livestock trampling not only could directly increase the supply 

of fine grains to streams, but could result in channel widening with associated 

reduction in flow velocity and consequences for sediment mobilisation and 

residence time (Waters, 1995). By prioritising areas with high susceptibility to 

erosion, even limited reforestation could be cost-effective in reducing sediment 

supply. In a New Zealand pasture catchment, for example, reforestation of 

selected areas (8 % of basin) was estimated to reduce landslide derived 

sediment by 30%, whereas 25% of land would need to be reforested to achieve 

similar reductions without prioritisation (Reid & Page, 2003). Also, where 

water abstraction and impoundment affect stream discharges, care should be 

taken in maintaining sufficient water flow and frequent spates to limit sediment 

residence time or gravel compacting.

As the timing and duration of sedimentation episodes are crucial to both fauna 

and flora in coming seasons, future research should assess temporal dynamics 

of sediment entrainment and deposition by using sediment traps collected 

seasonally from different locations; observed patterns could be related then to 

flow regimes and precipitation.

Macroinvertebrates response

Over the range of deposited sediment observed in the study area (1 -  35%) 

taxon richness and EPT richness declined by c 20-25%. In the artificial tray 

experiment reduction of overall and EPT richness approached 30-45% in the 

most sedimented sites. Direct quantitative comparison is not straightforward, 

however, since in the experiment sediments were expressed as a fraction of 

weight, but sediment cover in the most impacted trays was more than 60% 

(visual estimation upon retrieval).

Such responses were expected and frequently observed in other surveys and 

experiments across continents (Extence, 1978; Fossati et al, 2001; 

Kreutzweiser, Capell & Good, 2005; Doledec et al, 2006; Matthaei et al., 

2006) and imply that similar mechanisms may be involved that are certainly 

linked to common biological traits of sensitive taxa. Impairment of feeding 

and respiratory activity, for example, has been frequently invoked as the main 

source of stress for grazers, filter feeders and organisms with external gills 

(Lenat, Penrose & Eagleson, 1981; Lemly, 1982; Strand & Merritt, 1997;
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Rabeni, Doisy & Zweig, 2005; Doledec et a l, 2006). Not only were such 

effects confirmed here for the Usk catchment, but by examining trends in the 

representation of diverse biological traits along both land-use and sediment 

gradients this thesis also showed how process at different spatial extents may 

have contrasting effects on trait composition. Representation of feeding and 

behavioural traits was mostly related to local sediment character while traits 

associated with population growth and resilience were influenced by wider 

catchment modification. Interestingly, the response of some life-history traits 

appeared to transcend scale. Larger organisms with longer life-cycles were 

disfavoured by both basin scale land-use and patch scale sedimentation, likely 

reflecting sensitivity towards frequently disturbed or unstable conditions. 

Richards et al. (1997) also hypothesised that fine substrata may represent 

transient habitats unsuitable for K-strategists. These observations show that 

fine sediment delivery to streams can affect benthic organisms through a wide 

range of mechanisms including direct effects on feeding and respiratory 

structures and efficiency and indirect effects on habitat character.

These results were not simply based on observational approaches, but their 

validity was further reinforced by follow-up experiments where benthic density 

and richness were significantly reduces by sand addition and traits related to 

feeding and locomotion appeared similarly affected. Although with some 

limitations associated with experimental artefacts (discussed in Chapter 6 and 

below), the field experiment provided further evidence for the causal relation 

between in-stream sediments and trait composition. On the same theme, and 

linked to the selective elimination or limitation of functional groups (and taxa), 

trait diversity appeared markedly reduced where sediment content was high in 

both survey and experiment.

The transient unstable nature of fine sediment deposits is not only likely to 

affect K-selected organisms in the long term, but as particles are constantly 

redistributed in-stream, even episodic events and small bed-loads can reduce 

benthic densities over very short periods (e.g. Gibbins et al, 2007). This 

possibility was formally tested and confirmed in the Usk catchment by the 

replicated BACI experiment involving two similar upland reaches (Chapter 5).
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Low-level increases in deposited and saltating sediments resulted in significant 

decline of benthic densities and increased drift over just 24 hours. Interestingly, 

such responses appeared to be delayed until darkness, reflecting the diel 

activity patterns of many sensitive taxa (e.g. epilithic grazers). As noted before, 

however, scaling-up these small-scale, short-term effects so as to explain larger 

scale patterns requires caution. Nonetheless, substantial reduction in benthic 

densities over 24 hours may indicate how negative effects are likely where 

sediment delivery is sustained.

As previously discussed, organisms’ sensitivity to sediments appeared dictated 

by their biological traits, whose overall diversity also declined in impacted 

locations.

This process, the selective filtering of taxa and traits, appeared the likely driver 

of nestedness in species composition along sediment gradients observed in 

surveys and in the experiment. Local extinction and impaired colonization of 

sensitive taxa resulted in a progressive loss of rare species as sedimentation 

increased. Such patterns clearly conform to a non-random species loss that is 

commonly observed in natural systems and may have consequences for 

ecosystem functioning (e.g. Larsen, Williams & Kremen, 2005). To my 

knowledge studies on the role of sediment smothering in the formation of 

nested subset patterns in benthic organisms have yet to be published, but these 

trends suggest that similar mechanisms may be operating where catchments are 

modified with important conservation implications. Also, in revealing how 

processes at different spatial scale, catchment land-use and local sediment 

deposition, apparently determined nestedness in communities, the thesis also 

confirmed the scalar nature of nested patterns (Summerville, Veech & Crist, 

2002); not only biogeographic processes and speciation over long time scale, 

but also small scale variation in habitat quality and patch selection can 

influence the degree of nestedness in natural communities.

Certainly, nestedness analysis cannot establish a sure causal relationship 

between an environmental variable and species occurrences, but the trends 

observed here should help refine future process-based hypotheses testing of 

sediment effects.
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Ecological implications

The consequences of catchment land-use intensification on lotic systems are 

well documented (Manel, Buckton & Ormerod, 2000; Allan, 2004) with habitat 

structure, hydrology, temperature, water quality and ratio of allochthonous to 

autochthonous energy sources all likely to be modified. Although agricultural 

practices were generally extensive in the Usk system they resulted in altered 

water quality with apparent effects on benthic fauna. Similar trends in water 

quality were sufficient to affects invertebrates in the adjacent Wye catchment 

(Clews & Ormerod, 2009). Interestingly, these land-use influences apparently 

masked most sediment effects, probably linked to higher nutrient 

concentrations (Niyogi et al, 2007; Townsend, Uhlmann & Matthaei, 2008). 

Overall however, invertebrate response to sediments as revealed by surveys 

and experiments illustrates that any repetition of these trends could have 

important ramification for the conservation of certain taxa and ecosystem 

functioning. Here, for example, larger, long-lived taxa and predators appeared 

most sensitive to land-use and sedimentation; this selective loss of taxa and 

functional groups along with the evidence that size-biased loss of species could 

affect functions of whole ecological networks, suggest that wider ecosystem 

consequences are likely (Duffy, 2003; Larsen et al., 2005). However, even if 

overall functional diversity declined in face of habitat changes, it has to be 

demonstrated whether effects on specific trait representation would ultimately 

result in local extinction of sensitive taxa (Olden, Hogan & Vander Zanden, 

2007; Olden, Poff & Bestgen, 2008). On the same theme, more information is 

needed in order to link response-traits, those sensitive to disturbance, to effect- 

traits, those determining species influence on ecosystem functions. For 

example, a decline in filter feeding taxa in the face of increasing sediment 

regimes could have consequences for long term longitudinal transport of 

particulate matter in impacted streams. Moreover, loss of sensitive filter 

feeding hydropsychids may results in destabilised gravel beds with 

consequences for other organisms (Cardinale, Gelmann & Plamer, 2004).

The observed decline in benthic richness and density and the higher proportion 

of burrowers with deposited sediments may as well have bottom-up effects on 

insectivorous and drift-feeding fish in this important game fishery (Suttle et al,
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2004). If accompanied by effects on spawning habitats, sustained sediment 

delivery could also have important economic consequences.

Limitations o f  the study

Despite several similarities in apparent organism response between surveys and 

experiments, this study has some limitations that need brief discussion.

As explained above, both surveys represented a snapshot of habitat and 

biological conditions that certainly could vary between seasons and years. 

Nonetheless, most of the organisms sampled had univoltine or longer life­

cycles so that assemblages should reflect antecedent conditions.

The extent of sediment deposition in the sampled locations was only limited to 

c 35% (accurate patch-scale survey). Observed biological responses were 

certainly similarly limited and did not illustrate all range of possible ecological 

implications. However, extending sample locations to the most impaired sites 

would have strongly increased the risk of ascribing sediment effects to other 

factors (e.g. eutrophication).

Both field experiments were spatially and temporally limited, so that scaling- 

up need caution. The duration of the drift experiment (24 hours) was 

insufficient to reduce benthic richness or change community composition. 

Also, drifting and benthic organisms constitute separate sets so that direct 

comparison with the survey is not straightforward.

Some experimental artefacts were instead associated with the experiment 

involving small plastic trays held in situ, as discussed in Chapter 6. Briefly, the 

limited colonization period and the enclose nature of the trays resulted in the 

absence or under representation of some taxa relatively common in the 

benthos. This partly limited the representation of biological traits observed 

under natural conditions. However, any limited colonization did not appear to 

mask sediment effects that clearly reduced density, richness and trait 

composition.
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7.1 Conclusion

Throughout the study sites sediment entrainment and deposition appeared to be 

localised phenomena associated with banks erosion and riparian clearing. This 

clearly illustrates the potential benefits of appropriate agri-environment and 

management schemes in maintaining riparian habitats (Petersen et al, 2004). 

Considering the rapid fluctuation of discharge with rainfall, if fencing and 

conservation of riparian buffers are implemented across the Usk system, the 

study streams are likely to be only moderately affected by sedimentation in the 

near future.

Although variation in land-use and altitude appeared the most important factors 

affecting the benthic community at the catchment scale, fine sediment 

deposition had clear ecological effects and macroinvertebrates showed 

consistent responses across scales. Besides validating some of the frequently 

observed effects on benthic structure (reduced taxon richness, EPT richness, 

abundance), the study showed how sedimentation could alter overall trait 

diversity and composition with potential effects on ecosystem functioning and 

ramification for invertebrates conservation. The thesis also provided further 

support for the use of trait-based measures for freshwater biological 

monitoring; by identifying mechanistic link between sensitive traits and 

sediment character, similar measures could be tested and eventually adopted 

across biogeographic boundaries.

Future work should certainly aim to assess invertebrates’ community variation 

over a wider range of natural sediment cover, possibly comprising hyporheic 

habitat and organisms. Also longer term field experiments and laboratory work 

would be necessary to understand better the link between sensitive traits, 

sediment features and species proneness to local extinction.
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APPLIED ISSUES

Scale-dependent effects of fine sediments on temperate 
headwater invertebrates

S. L A R S E N ,  I. P.  V A U G H A N  A N D  S.  J. O R M E R O D
Catchment Research Group, Cardiff School of Biosciences, Cardiff University, Cardiff, U.K.

S U M M A R Y

1. A nthropogenic activities can increase fine sedim ent su pp ly  to streams over m ultiple 
spatial and tem poral extents. Identifying the processes responsible, and the scale at which  
any effects on stream organism s becom e evident, are key m anagem ent needs, but 
appropriately scaled surveys are surprisingly few .
2. We surveyed  macroinvertebrates and superficial fine sedim ents at tw o spatial 
resolutions (reach- and patch-scale) in tributaries o f the River Usk, a temperate, montane 
catchm ent in rural W ales (U.K.). Land use, habitat and geom orphological character were 
m easured on-site or derived from an existing database (=Fluvial Audit). W e aim ed to 
identify: (i) h ow  in-stream  sedim ents varied w ith  land u se and associated geom orphology; 
(ii) likely consequences for macroinvertebrates and (iii) any scale-dependence in 
relationships betw een macroinvertebrates and sedim ent character.
3. A t both the reach- and patch-scales, bed cover by fine sedim ent w as related directly to 
the extent of eroding banks 500 m  upstream. In turn, sedim entation and bank erosion were 
negatively correlated w ith  catchm ent or riparian w oodland  extent.
4. At the reach scale, macroinvertebrate com position varied w ith  catchm ent land use and 
stream chemistry, w ith  richness declining as rough grazing or w oodland w as replaced by 
im proved grassland. There w as no response to deposited  sedim ent except for weak  
increase in the relative abundance of oligochaetes.
5. By contrast, at the patch scale, fine sedim ents w ere accom panied by pronounced  
changes in invertebrate com position, and w e ranked the 27 m ost com m on taxa according 
to their apparent sedim ent tolerance. General estim ating equations show ed  that total 
and Ephem eroptera, Plecoptera and Trichoptera richness decreased significantly by 20% 
and 25% at the m ost sedim ent im pacted sites (30% cover) by com parison with  
sedim ent-free sites.
6. W e conclude that sedim ent deposition in the upper Usk system  m ostly reflects local 
bank erosion, w ith  riparian w oodland  likely to m ediate this process through bank stability. 
Fine sedim ent release had marked ecological effects, but these w ere detectable only at 
patch-to-patch scales. W e suggest that investigation o f localized sedim ent release in 
streams w ill benefit from scale-dependent or scale-specific sam pling, and som e effects 
could go undetected unless sam ple resolution is selected carefully.

Keywords: catchm ent, land-use, m acroinvertebrates, scale, sed im ent
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Introduction

Many physicochemical variables that influence ben­
thic invertebrate in rivers are mediated by catchment 
characteristics (Imhof, Fitzgibbon & Annable, 1996; 
Bunn & Davies, 2000; Ankers, Walling & Smith, 2003). 
These effects are scale-dependent because regional or 
catchment features influence processes at smaller 
spatial extents (Townsend et al., 2003; Ciesielka & 
Bailey, 2007; Mykra, Heino & Muotka, 2007). A good 
example is where catchment or riparian land-use and 
geology determine sedim ent and nutrient runoff into 
streams (Rabeni & Smale, 1995; Jones et ah, 2001; Riley 
et ah, 2003; Bond, 2004; Opperman et ah, 2005; Niyogi 
et al., 2007). In turn, the deposition of fine sediment, 
often from anthropogenic activities, can have major 
consequences for stream organisms (Luedtke & Brus- 
ven, 1976; Gray & Ward, 1982; Newcom be & Mac­
donald, 1991; Davies-Colley et al., 1992; Waters, 1995; 
Gayraud, Herouin & Philippe, 2002; Greig, Sear & 
Carling, 2005).

In reality, quantitative understanding of the eco­
logical effects of sediments and the mechanisms 
involved is poor (Davies-Colley et al., 1992; Strand & 
Merritt, 1997; Angradi, 1999; Broekenhuizen, Parkyn 
& Miller, 2001; Gard, 2002; Parkhill & Gulliver, 2002). 
Knowledge of interactions among catchment land- 
use, diffuse sediment release and ecological effects is 
particularly uncertain for several reasons (Matthaei 
et ah, 2006). First, anthropogenic effects on sediment 
regimes range from catchment modification (e.g. 
agriculture) to local habitat alteration (e.g. livestock 
trampling), so that the exact source of sediments in 
any one location can seldom  be identified readily 
(Imhof et ah, 1996). Secondly, much recent research in 
physical geography has aimed at parameterizing 
sediment regimes without exploring the response of 
organisms (Walling & Amos, 1999; Walling et ah, 
2001; Collins & Walling, 2007). Thirdly, the ecological 
effects of sediment from anthropogenic sources, 
especially over large spatial or temporal extents, can 
be masked by natural variability. For instance, some 
types of agricultural intensification or the removal of 
riparian woodland might increase erosion and fine 
sediment release to streams, but also they alter 
temperature, organic matter supply and nutrient 
fluxes (Osborne & Kovacic, 1993; Roth, Allan & 
Erickson, 1996). As a result, identifying the scale, 
severity and impact of altered sediment fluxes in

catchments affected by more general chemical or 
eco-hydromorphological degradation, has become a 
management need (Feld, 2004). While the extent and 
resolution (grain) of these investigations can influence 
findings, scale dependence is seldom explicitly in­
cluded in monitoring programmes or experimental 
design. Ideally, in impact-assessment studies, the 
scales of measurement and organism responses 
should coincide. By increasing resolution (i.e. using 
more smaller-size sampling units) variation in 
response variables and sensitivity of statistical tests 
should also increase (e.g. Smiley & Dibble, 2008).

By combining two consecutive surveys at different 
resolution, in this paper w e aimed to understand the 
apparent causes and extent of sediment deposition in 
a temperate, montane river system (the Usk, Wales), 
and to identify the scale at which any effects were 
relevant to stream invertebrates. The Usk catchment is 
particularly suitable for this purpose because, in 
comparison with adjacent catchments such as the 
Wye (e.g. Ormerod & Edwards 1987), dominant 
geology and major aspects of ionic composition are 
relatively homogeneous, thereby reducing confound­
ing ecological effects. While effects on stream function 
from urbanization are negligible and localized, the 
sandstone-dominated catchments of the Usk are liable 
to be sensitive to sediment mobilization (Sable & 
Wohl, 2006). Finally, land-use varies from semi­
natural upland vegetation to modified improved 
grassland, im plying possible effects on sediment 
release.

Our principal objectives were, first, to identify how  
in-stream sedim ent character varied between loca­
tions in relation to land use at different scales 
(riparian versus catchment). Secondly, w e aimed to 
assess the extent to which variation in invertebrate 
composition among sites reflected sediment character 
or other habitat features in the channel, riparian zone 
and catchment. Thirdly, w e aimed to identify any 
scale-dependence in apparent relationships between 
macroinvertebrates and sediment character. Two 
main predictions were tested: (i) variation in observed 
deposited sediments should be explained by riparian 
and catchment land-use and associated processes, 
namely bank erosion and (ii) invertebrate should 
respond to deposited sediments, but w e expected 
different macroinvertebrate patterns to be detectable 
by changing spatial resolution. At larger spatial 
extents, we expected that links between organisms,
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altitude and dominant land-use should be most 
evident, while at the patch scale local effects, such as 
deposited sediments, should be detectable.

Methods

Study area

The River Usk is one of the largest rivers in Wales, 
with a main channel 120 km long and catchment area 
1358 km2. One of the m ost important game fisheries in 
England and Wales, the Usk rises in rough grazing 
land at an altitude of 500 m on M ynydd Du (National 
Grid Reference SN819239; 51.52 N, 03.50 W) before 
flowing eastwards along the northern face of the 
Brecon Beacons and then southwards to its confluence 
with the Severn Estuary.

From its source on the Black Mountain, the river 
flows over sandstones and m udstones of the Old Red 
Sandstone Series, with soil types a blend of brown 
earths or peat and gley soils on wetter plateaus. The 
dominantly rural area is sparsely populated (<20 peo­
ple per km2) and therefore urbanization has negligible 
impact. In this temperate and relatively maritime 
location, annual average precipitation over the catch­
ment averages 1336 mm, but exceeds 2500 mm in 
some upland locations. Groundwater contributions,

even to typical dry weather flow, are modest (c. 15%), 
and river discharges fluctuate rapidly with rainfall 
(Environment Agency, 1998). This combination of 
factors brings some risks of both sediment release and 
sediment in-wash making the Usk an ideal catchment 
to investigate sedimentation effects. Moreover, stream 
waters in the rural parts of the Usk catchment are 
clean and well-oxygenated, and concentrations of 
plant nutrients are generally low. Otherwise, waters 
are relatively rich and fairly uniform in carbonate 
concentration, so that few organisms are limited by 
base-cation availability (Table 1).

Survey design

The first extensive survey (2006; 'reach-scale survey7) 
comprised 32 reaches along 18 second-order tributar­
ies mainly draining semi-natural upland vegetation 
(bracken, heath, moorland, acid grassland) and 
improved grassland used as rough grazing land, 
while woodland vegetation cover never exceeds 34% 
of any catchment. Sampling reaches were selected to 
cover the main land-use typology present in the study 
area, but selection was restricted to reaches where 
depth, flow velocity, stream width and particle size 
distribution were similar. Fourteen streams were 
sampled on two reaches and four streams on one

Table 1 Mean (±SD) of the main physicochemical and channel characteristics of the study streams in the Usk catchment, south-east 
Wales

River
Nitrate 
(mg L-1)

Phosphate 
(mg L-1)

Hardness 
(mg L-1)

BOD 
(mg L"1)

Flow velocity 
(m s-1) W idth (m)

Depth
(cm)

Afon Ysgir* 0.99 (0.39) 0.01 (0.01) 68.2 (26.7) 1.18 (0.77) 0.34 (0.10) 6.50 (0.5) 19.5 (7.4)
Bran (2)* 0.86 (0.51) 0.01 (0.01) 58.4 (20.5) 1.13 (0.72) 0.32 (0.08) 4.7 (0.35) 19 (7.7)
Caerfanell 0.65 (0.33) 0.01 (0.01) 60.6 (57.9) 1.0 (0.38) 0.22 (0.02) 3.0 (0.5) 12 (2.1)
Camlais (2) NA NA NA NA 0.34 (0.03) 3.0 (0.9) 15.7 (3.1)
Cilieni (2) NA NA NA NA 0.32 (0.09) 4.2 (2.47) 12 (0.7)
Crai (2) 0.67 (0.89) 0.03 (0.18) 49.5 (16.2) 1.20 (0.34) 0.37 (0.03) 5.5 (0.70) 13.7 (1.7)
Cynrig (2)* 0.92 (0.38) 0.01 (0.01) 95.6 (191) 1.1 (0.50) 0.38 (0.12) 3.00 (1.0) 13.9 (3.6)
Eithrim NA NA NA NA 0.22 (0.06) 1.50 (0.3) 12.5 (1.2)
Grwyne Fawr (2) 1.20 (0.2) 0.02 (0.06) 90.1 (27.1) 1.1 (0.50) 0.37 (0.18) 5 (1.41) 18.9 (10)
Grwyne Fechan (2) NA NA NA NA 0.41 (0.15) 3.2 (0.35) 16 (6.3)
Honddu (2)* 1.58 (0.6) 0.02 (0.02) 92.6 (28.2) 1.24 (0.80) 0.45 (0.19) 5 (2.83) 20.4 (7.5)
Hydfer* 0.68 (1.1) 0.01 (0.02) 50.5 (20.2) 0.97 (0.50) 0.40 (0.20) 5.00 (0.7) 9.4 (3.2)
Menascin (2) 0.90 (0.8) 0.01 (0.02) 74.3 (33.1) 0.97 (0.35) 0.25 (0.02) 3.2 (0.35) 12.8 (3.1)
Rhiangoll (2) 1.50 (0.4) 0.02 (0.01) 146.9 (38.5) 1.29 (0.92) 0.34 (0.06) 2 (0.71) 13.4 (1.2)
Senni (2)* 0.92 (0.64) 0.04 (0.01) 76.8 (29.0) 1.19 (0.51) 0.23 (0.03) 4.5 (3.52) 13.3 (2.4)
Tarell (2)* 0.96 (0.33) 0.02 (0.02) 96.9 (154.1) 1.08 (0.65) 0.55 (0.01) 5 (2.12) 20.5 (4.6)
Ysgir Fawr (2) NA NA NA NA 0.34(0.01) 3.7 (1.77) 15.2 (3.3)
Ysgir Fechan (2)* NA NA NA NA 0.30 (0.13) 4 (1.41) 15 (1.8)

The number (2) indicates that two reaches were sampled in the 2006 survey; NA, data were not available for the given stream. 
T hose streams selected for the 2007 patch-scale survey.
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reach, depending on accessibility and stream length 
(Fig. 1). The altitudinal range was 190-400 m.a.s.l. and 
distance between two reaches in a stream never 
exceeded 8 km. Although there was a risk that replicate 
reaches within streams might not be independent, all 
results and conclusions were unchanged when only 
one reach per stream was analysed.

The subsequent patch-scale survey, carried out in 
2007 at locations nested within 12 previously sampled 
reaches on eight of the streams (see Table 1), was 
designed specifically to assess within reach effects of 
sediment deposition, i.e. at finer resolution. Informed 
by the results of the reach-scale survey, locations for 
patch sampling were selected to represent both 
upland and grassland w hile covering a range of 
sediment conditions. Sampling was again restricted to 
riffle-glide habitats, where depths and velocities were 
measured. Depending on availability, three to six 
patches per reach were sampled in a c. 15 m long 
section, for a combined total of 56 patch samples.

Environmental variables

Reach scale survey. We used a combination of field 
measurements and available data to characterize 
conditions in each of the 32 survey reaches. In the 
field, basic measurements of channel width, depth 
and flow velocity were taken along a 10 m stretch, 
averaged from three values. The percentage of 
surface water overhung by riparian vegetation was 
also estimated. Next, substratum composition was 
assessed over each 10 m section using a modified 
version of the U.K. Environment Agency's River 
Habitat Survey (Environment Agency, 2003), where 
the proportionate bed-cover of bedrock, boulder, 
cobble, gravel, sand, fine sand, clay and earth were 
estimated. Deposited fine sediment (<2 mm) cover 
within a (300 cm2) circular quadrat was estimated as 
the percentage of stream bed, in 5% increments, 
covered by fine particles (Platts, Megaham & Min- 
shall, 1983; Rabeni, D oisy & Zweig, 2005). Twelve 
estimations in two transects over the 10 m section 
were combined and the mean determined. Although 
these 12 observations covered only a small portion 
of the stream bed, they were sufficient to allow  
reaches to be ranked along the sedimentation gra­
dient.

To characterize typical size distribution of fine 
sediments across all reaches, composite samples of

fine sediment were collected from 10 reaches of seven 
relatively sediment-rich streams, and then sediment 
composition determined using dry sieving.

In order to support the field measurements, addi­
tional data were retrieved as far as possible for each 
reach from the 'Fluvial Audit7 database for the upper 
Usk tributaries. Designed and progressively applied 
across British rivers by the GeoData Institute 
(Southampton), Fluvial Audit uses contemporary field 
survey, historical and contemporary maps, documen­
tary information and scientific literature resources to 
gain a comprehensive understanding of the geomor- 
phological controls on a given river systems (Emery & 
Hill, 2005). The Audit is both qualitative and quan­
titative, and from the latter data w e took the length of 
eroding banks for 27 of our reaches where direct field 
observation had been previously been digitalized 
(Emery & Hill, 2005). The extent of erosion was 
calculated for 1 km and 500 m upstream of the sample 
sites using a r c - g i s  (ESRI, 2004).

Land-use for each reach was calculated at two 
spatial extents, respectively, a 150 m wide buffer on 
each side of the stream for 1 km upstream and the 
whole catchment area draining to each site. Land-use 
data were extracted from existing GIS land cover layer 
created by the Countryside Council for Wales (CCW, 
2002), the statutory Welsh agency for nature conser­
vation and landscape protection. Catchment areas 
were derived using a 10 x 10 m resolution Digital 
Elevation Map of the Usk catchment (CCW, 2002). 
Slope classes were derived for every catchment, and 
low and high relief was calculated as the proportion 
of catchment with slopes <10% and >30% respec­
tively.

Chemical data, obtained from the U.K. 
Environment Agency's Water Management Informa­
tion System and based on standard methods (Stand­
ing Committee of Analysts, 1979, 1981, 1987, 1992), 
were available for 12 of the reaches (38%) as monthly 
concentrations of nitrate (mg L-1), phosphate 
(mg L_1), biochemical oxygen demand (BOD 
m g L_1), water hardness as CaC0 3  (mg L-1) and pH  
data (Table 1). Means were calculated for the year 
antecedent to invertebrate sampling. Although incom­
plete, these chemical data drained both grassland and 
semi-natural upland vegetation, and allowed an 
assessment of the extent to which water quality might 
have confounded or subsumed the ecological effects 
of fine sediments. Most reaches without chemical data
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KilometersFig. 1 Scaled schematic m ap of the Usk 
River system, Wales, showing sites 
selected for tire 2006 reach-scale survey.

were the highest altitude locations where improved 
grasslands were less frequent, and nutrient concen­
trations would.have been low.

Patch scale survey. All environmental data for the 
patch-scale survey were collected in the field. At each 
sampling site (c. 3 m2), w e made 10 visual estimates of 
deposited sediment immediately around the inverte­
brate Surber sampler (see below) and averaged these 
values. To complement these estimates, the amount of 
suspendable sediment from the stream bed was also 
measured at 45 of the patch-scale sites, with four 
measurements made around each Surber location. A 
large metal box (24 x 18 cm) was pushed into the 
substratum and sedim ents from c. 2 cm depth were 
entrained in the measurable volum e of water within 
the cylinder by mixing with a ruler. Suspended 
sediments within the range of 0.063-1 mm were 
filtered from 1 L of water, dried at 100-105 °C for 
24 h, weighted and calculated as g m-2. Organic 
material was reduced by washing and decanting. 
Water depth and flow velocity were also recorded at 
each site.

Macroinvertebrate sampling

Reach-scale survey. Benthic macroinvertebrates were 
collected, and reach-habitat characteristics recorded,

in June and July 2006, when annual discharge was 
expected to be lowest and deposited sediments were 
stable and visible. Invertebrate sampling was 
restricted to fast flowing habitats (glides, riffles, with 
velocities typically <55 cm s-1) since pools and mar­
gins naturally collect fine material. To collect macro­
invertebrates, a kick sample of 3 min duration was 
taken both from riffles and glides over a 10 m reach, 
using a standard hand-net (Environment Agency, 
1999; mesh 0.9 mm, area 25 cm2). For this extensive 
survey we specifically used a hand net as it is widely  
used in biological monitoring programmes, such as 
RIVPACS (Wright, Furse & Moss, 1998), and we have 
investigated this method extensively (Bradley & 
Ormerod, 2002).

Note that, in both reach- and patch-scale surveys, 
w e have assumed that a single sampling occasion is 
sufficient to reflect both assemblage composition and 
relationship with sediment cover, thus ignoring sed­
iment dynamics or possible sediment release during 
events (Environment Agency, 1998). This assumption 
is justifiable because many of the organisms recorded 
have univoltine life cycles (or longer) so that assem­
blage composition should reflect antecedent condi­
tions. In addition, our approach was designed to 
characterize variations between invertebrates and 
sediments at multiple sites rather than dynamics 
within sites.
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Fig. 2 Significant relationships between fine sediment cover, 
estimated from the reach scale survey and the extent of eroding 
banks for 500 upstream, riparian and catchment woodland cover 
in the Usk catchment, south-east Wales.

Patch-scale survey. To capture smaller-scale varia­
tions, and cover specifically a well-defined area of 
streambed where sedim ent conditions were assessed, 
we collected macroinvertebrates for the patch-scale 
survey using a Surber sampler in June and July 2007

(0.16 m2; 0.44 mm). Because of this difference in 
timing and methods from the reach-scale survey, we 
compared reach-scale pattern among invertebrates 
generated from kick-samples and aggregated within- 
reach Surber data. The outcomes of this evaluation are 
reported at the end of the results section.

Both patch- and reach-scale samples were pre­
served immediately in ethanol. In the laboratory, 
macroinvertebrates were sorted and identified as far 
as possible to species (Edington & Hildrew, 1981; 
Elliott, Humpesch & Macan, 1988; Friday, 1988; 
Wallace, Wallace & Philipson, 2003). Diptera were 
identified to family and oligochaetes were not iden­
tified further.

Data analysis

To help interpret reach-scale pattern among inverte­
brates, w e first used principal components analysis 
(PCA) to derive variates that described substratum 
(substratum PCA) conditions as well as catchment 
(Catchment PCA) and riparian land-use (riparian 
PCA). We quantified land-use variations in this way 
because percentages of individual land-use coverage 
are not independent, and principal components 
avoided any multicolinearity (Rier & King, 1996; Bruns, 
2005). Land-use percentages were a resin 0/1OO)0'5 
transformed prior to PC As to homogenize variances. 
Land-use categories quantified were improved grass­
land, arable farmland, urban, upland vegetation and 
woodland, but urban land cover was omitted from the 
catchment PCA since its extent was small.

Also prior to any other analysis, w e used detrended 
correspondence analysis (DCA) on both sets of inver­
tebrate data (reach and patch) to identify the main 
variations in macroinvertebrate assemblage composi­
tion which could then be related to measured envi­
ronmental variables in subsequent analyses. This form 
of unconstrained ordination was preferred to 
constrained ordination because it produces easily 
interpretable plots, it can reveal whether important 
environmental variables have been overlooked and it 
is generally regarded as a superior analytical tool 
because clear hypothesis testing can occur in subse­
quent steps (Jongman, Ter Braak & Van Tongeren,
1995). Analyses were run with both arithmetic and 
transformed abundances, but results were similar and 
only arithmetic abundances were used in subsequent 
analyses.
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To assess how in-stream sediments varied with 
land use and associated geomorphology (objective i), 
we assessed relationships between percentage cover 
by deposited sediments, land use and other environ­
mental variables using Spearman's rank correlation. 
Relationships among ordination axes, PCA axes and 
physicochemical variables were examined with Pear­
son's product-moment correlation.

To assess any consequences of sediments for macr­
oinvertebrates (objective ii), based on expectations 
from previous studies (Quinn et al., 1992; Waters, 
1995; Angradi, 1999; Fossati et al., 2001; Zweig & 
Rabeni, 2001; Kreutzweiser, Capell & Good, 2005; 
Braccia & Voshell, 2007), w e examined invertebrate 
abundance, composition and richness, Ephemeropter- 
a, Plecoptera and Trichoptera (EPT) abundance and 
richness, Shannon diversity and the relative abun­
dances of individual taxa (as proportions for example 
of Coleoptera, Chironomidae and Oligochaeta) in 
relation to sediment features using generalized esti­
mating equations (GEEs). Since multiple patches per 
reach were sampled in the 2007 survey, samples could 
not be treated as independent in conventional regres­
sion analyses. GEEs allow the analysis of data 
collected in clusters where within-cluster correlation 
is expected (i.e. patches from the same reach might be 
more similar than patches from different reaches). 
Accounting for the lack of statistical independence 
between samples, regression coefficients and variance 
were adjusted to avoid spurious correlations to be 
observed (Zorn, 2001; Vaughan, Noble & Ormerod, 
2007; Ward & Myers, 2007). Spatially or temporally 
correlated data occur often in ecological research and 
this approach is a valuable tool (Vaughan et ah, 2007). 
GEEs models were run using r  (Ihaka & Gentleman,
1996) using the program geeglm from the library 
geepack (Halekoh, Hojsgaard & Yan, 2006). Sequential 
Bonferroni correction w as not applied because a priori 
hypotheses were formulated about invertebrates met­
rics and sediment features (Moran, 2003).

We identified any scale-dependence in apparent 
relationships between macroinvertebrates and sedi­
ment character (objective iii) by comparing the 
patterns generated between the reach- and patch- 
scale data. From the patch-scale survey, results were 
sufficiently clear to allow  an assessment of the 
apparent tolerance to deposited sediment for the 27 
most widespread taxa, occurring in more than 12 sites 
(20%). Curves relating the cumulative abundance of

each taxon to the amount of deposited sediments were 
constructed and the percentage sediment cover at 
which each reached 50% abundance was determined. 
Following Zweig & Rabeni (2001), w e assumed that 
intolerant taxa should reach 50% of their cumulative 
abundance at lower levels of deposited sediments.

R esu lts

Reach scale: deposited sediments, land-use and channel 
geomorphology

Major patterns in land use and substratum were 
captured well by PCA. Two principal components 
explained 66% of the variation in riparian land-use, 
and up to 90% of the land-use variation at the 
catchment scale. Both Catchment and Riparian PCI 
values represented a gradient from improved grass­
land to semi-natural upland vegetation, but with 
inverted signs; PC2 values were mostly related to 
woodland cover. In other words, land use varied in 
similar ways in both the riparian zone and catchment 
(r = -0.75; P < 0.01 for PCsl; r = -0.5; P = 0.03 for 
PCs2) with the major gradients a trend from improved 
grassland to upland vegetation and increasing wood­
land cover (Table 2).

In the stream channel, over 55% of the variance in 
substratum composition was explained by substratum 
PCI. Values correlated positively with the proportion 
of boulder and bedrock (loadings: 0.82 and 0.74) and 
negatively with gravel and fine sand (loadings: -0.91 
and -0.78) thus describing a gradient from fine to 
coarse substrata. The amount of the channel surface

Table 2 Loadings onto the first two principal components 
(PC) revealing trends in catchment and riparian land-use in tire 
Usk catchment, south-east Wales

Land-use
type

Catchment PCs Riparian PCs

PCI
(68%)

PC2
(22%)

PCI
(39%)

PC2
(27%)

Improved 0.91 -0.22 -0.91 0.05
grassland

Upland -0.98 -0.05 0.74 0.59
vegetation

Woodland 0.52 0.84 0.42 -0.76
Urban N.A. N.A. -0.13 -0.59
Arable 0.82 -0.35 -0.61 0.25

Values in parentheses are the percentages of variance explained 
by each PC.
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covered by fine sedim ents, as estimated from the 
reach scale survey, ranged from 1% to 75% cover 
among reaches. Sieving revealed that most fine 
sediments were mainly (>82%) composed of sand 
(2-0.25 mm) and fine sand (0.25-0.125 mm), whereas 
silt and clay content was very low.

Up to 500 m-1 km upstream from each sampling 
point, the proportion of eroding banks ranged over 
0-53%, and 0-49% respectively. Fine sediment cover 
increased strongly with the proportion of eroding 
banks 500 m upstream (rs = 0.77; P < 0.001; n = 27) 
and more weakly to bank erosion 1 km upstream  
(rs = 0.59; P = 0.001; n = 27) (Fig. 2). Sediment cover 
was also related to land use PC2 in both the riparian 
zone and catchment. This m ostly reflected trends with 
woodlands (Fig. 3), fine sediments on the bed declin­
ing with both riparian (rs = 0.39; P = 0.02; n = 32) and 
catchment woodland cover (rs = 0.62; F < 0.001; 
n -  31). Proportions of eroding banks (1 km upstream) 
and riparian woodland were also negatively corre­
lated (rs = 0.6; P < 0.001; n = 27; Fig. 3). Interestingly, 
and contrary to expectation, steep slopes did not 
increase sediment delivery, and instead sediment 
cover declined as the proportion of catchment with 
slope >30% increased (rs = -0.39; P = 0.02; n -  31). 
This effect arose because woodland cover increased on 
the steeper slopes (rs = 0.54; P -  0.001; n = 31).

Deposited sediments were unrelated to either 
upland or improved grassland vegetation, but nitrate 
concentrations (rs = 0.6; P = 0.04; n = 11) and BOD 
(rs = 0.72; P = 0.01; n = 11) increased where

rs = -0.61; P<  0.001; n = 27
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Fig. 3 Relationship betw een the extent of eroding banks for 
1 km upstream and riparian woodland cover in the Usk catch­
ment south-east Wales.

catchments had more improved grass. There was some 
correlation between cover by fine deposited sediment 
and nitrate (rs = 0.6, P = 0.02; n = 12), but this largely 
reflected the effect of just two streams (Honddu and 
Rhiangoll; see Table 1). On these grounds, any sedi­
ment effects would be unlikely to be confounded by 
nutrients, but nutrients effects could reflect variations 
in land use (cf. Niyogi et al., 2007).

Reach-scale: assemblage composition

Over 70 000 individual invertebrates from 74 taxa 
were collected during the 2006 reach-scale surveys, 
but 16 taxa present in fewer than five samples were 
not considered in multivariate analyses (Appen­
dix SI). Ephemerella ignita was the most abundant 
species, followed by chironomids, Baetis rhodani, 
simuliids and Gammarus pulex. (All naming authori­
ties are given in Appendix SI.).

In DCA, two axes explained >37% of species varia­
tion, with Caenis rivulorum, Baetis muticus, Rhilhrogena 
semicolorata, Chloroperla tripuncatata, Dinocras cephalotes, 
Perla bipunctata and Helodidae all increasing along axis 
1 while G. pulex, B. scambus, B. fuscatus, Ceratopogon- 
idae and the coleopteran Oreodytes sanmarkii declined. 
However, no trends in species composition were 
related to in-stream sediments or other channel fea­
tures. DCA axis 1 (24%) instead varied with nitrate 
concentration (r = 0.66; P = 0.01; n -  12), Catchment 
land use PCI (r = -0.49; P < 0.01; n = 31) and Riparian 
land use PCI (r = 0.36; P = 0.04; n = 32). There was also 
a tendency for DCA axis 1 scores to vary with water 
hardness (r = -0.58; P = 0.04; n = 12). N o correlations 
were evident along DCA axis 2. In other words, despite 
w ide variations in fine sediment cover and bank 
erosion, reach-scale variations among invertebrates 
were most closely related to catchment land use and 
water quality, following a gradient from upland to 
improved grassland vegetation.

Reach-scale: invertebrate metrics

Besides a weak increase in the relative abundance (%) 
of Oligochaeta with increasing sediment cover 
(rs = 0.36; P = 0.04; n = 32), assemblage metrics at 
the reach scale were unrelated to fine sediment. 
However, in keeping with the apparent effects on 
species composition, macroinvertebrate diversity, % 
coleoptera and % chironomids were reduced in
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improved grasslands as represented by Catchment 
PCI (rs = -0.48 to -0.43; P = 0.008-0.01; n = 31).

Patch-scale: deposited sediments

Among the 56 locations in the patch-scale survey, 
depth ranged over 8-27 cm and current velocity 11- 
57 cm s-1. Observed variation in sediment cover at 
this scale ranged over 1-35% and, while these values 
are lower than those for the reach-scale survey, these 
detailed estimations were once again related to the 
extent of eroding banks 500 m upstream (rs = 0.66; 
P = 0.02; n = 11). Suspend able sediments ranged from 
2-147 g m-2 and were directly related to deposited  
sediment cover (rs = 0.74; P < 0.001; n = 45). Flow 
velocity did not influence deposited or suspendable 
sediments over the range observed (P > 0.05), but 
both sediment cover (rs = 0.33; P = 0.01; n = 56) and 
suspendable sediments (rs -  0.37; P = 0.01; n = 45) 
increased with depth.

Patch-scale: assemblage composition

Around 23 000 individual invertebrates from 69 taxa 
were collected in the 2007 patch-scale survey, this 
richness being comparable to the reach scale survey 
(74) despite the smaller number of animals collected. 
Ephemerella ignita, B. rhodani and chironomids were 
again the most abundant organisms. However, after 
removing taxa occurring in less than five samples, 
only 40 were included in the DC A (Fig. 4).

In contrast to the reach-scale survey, ordination 
patterns from the patch data were related strongly to 
sediments. The first two DCA axes explained 35% of 
the variation in species composition, with axis 1 (23%) 
representing a gradient from shallower sites with less 
suspendable sediments (rs = -0.47; P < 0.01) to dee­
per sites (rs = 0.36; P = 0.006). Axis 2 (12%) was also 
positively correlated with suspendable sediments 
(rs = 0.61; P < 0.001), more weakly to sediment cover 
(rs = 0.35; P = 0.007) and negatively with flow velocity 
(rs = -0.32; P = 0.01).

Patch-scale: invertebrate metrics

Also in contrast to the reach-scale survey, GEE 
modelling showed that several invertebrate metrics 
were related to sedim ent cover and suspendable 
sediments. For example, total taxon richness and
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Oligochaeta Ditiscidae

O. tuberculatus 
E. ignita O. sanmarkii
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C. torrentium
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Fig. 4 Detrended correspondence analysis (DCA) plot of taxa 
from the 2007 patch -scale survey. Axis 1 mainly represented 
increased water depth, while fine sediment cover and sus­
pendable sediments increased along axis 2. For clarity not all 
taxa are included.

EPT richness were reduced in sediment-rich sites 
(Table 3). On average, total richness declined by 
approximately five taxa, and EPT richness by four 
taxa at the most sediment-impacted locations (c. 30% 
cover), or respectively 20% and 25% of richness at 
sites free of any sediment (Fig. 5). Except for an 
increase in the relative abundance of Oligochaeta with 
depth (r = 0.36; P < 0.01), there were no relationships 
between invertebrate metrics and either depth or 
current velocity, which might have been expected if 
these factors were confounding effects ascribed to 
sediments.

Because of the apparent effects of land use on 
invertebrates detected in the reach-scale survey, we 
investigated how fine-scaled effects might be reflected 
within land use types. Reduction in richness was 
consistent between the upland and improved grass­
land areas, but there were more significant relation­
ships between sediments and invertebrates in the 
former (Table 3). At upland locations (n = 24), sedi­
ment cover and suspendable sediments increased 
from 1% to 23% and 2-49 g m-2, leading apparently
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Table 3 Invertebrate response shown by general estimating equations in the catchment of the River Usk to sediment cover and 
measured suspendable sediments at the patch-scale at all sites and in upland and improved grassland locations

Metrics

All locations Upland locations Improved grasslands

Sediment 
cover (%) 
(« = 56)

Suspendable 
sediments 
(n = 45)

Sediment 
cover (%) 
(n = 24)

Suspendable 
sediments 
(w = 18)

Sediment 
cover (%) 
(n = 32)

Suspendable 
sediments 
(n = 27)

Taxon richness -0.41** -0.40** -0.29* NS -0.42* NS
EPT richness -0.45** -0.44** -0.52** NS NS NS
% EPT NS NS 0.51** 0.57** NS NS
Shannon index NS NS 0.47** -0.63** NS NS
Total abundance NS NS 0.50* 0.80** -0.41* -0.40*
% Chironomidae NS NS -0.49** -0.65** NS NS
% Coleoptera NS NS -0.64** -0.69** NS NS
% Oligochaeta NS NS NS NS NS NS

Values of r are shown: *P < 0.05; **P < 0.01 (see Fig. 5 for an example).
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Fig. 5 Response of EPT taxon richness and total taxon richness 
to increasing sediment cover. Samples are grouped by stream 
(labelled as numbers). Regression coefficients are based on GEE 
models.

to increased invertebrate abundances (particularly 
oligochaetes) but reductions in EPT richness and 
proportion, Shannon diversity and the relative abun­

dance of both Coleoptera and Chironomidae. At 
grassland locations (« = 32), sediment cover and 
suspendable sediments increased from 3% to 35% 
and 1.7-147 g m-2, respectively, accompanied by 
reductions in taxon richness and total abundance. 
Other metrics were only marginally affected (e.g. P- 
values c. 0.09).

Patch-scale: individual species tolerance to sediments

Far clearer relationships with sediments at the patch 
scale allowed som e assessment of varying tolerance 
among species. Based on their cumulative abundance 
curves (Fig. 6), the most common taxa were ordered 
from the most sensitive to the most tolerant (Table 4). 
The trichopteran Hydropsyche instabilis and the plec- 
opteran P. bipunctata were apparently the most 
sediment-intolerant species, along with Helodidae 
and Simulidae. By contrast, Tipulidae, Oligochaeta 
and the coleopteran O. sanmarkii, appeared the most 
tolerant.

Methodological evaluations

In the 12 reaches where invertebrates were collected 
in subsequent years by both kick-samples and aggre­
gated Surber samples, axis 1 DCA scores were highly 
inter-correlated between the two methods (r = 0.86, 
n = 12; P < 0.001) implying that both collected near­
identical assemblages. Moreover, besides a decrease 
in the proportion of Coleoptera (rs = -0.7; P < 0.01), 
there were no other significant correlations between 
reach-wide metrics based on aggregated Surber
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Fig. 6 Examples of cumulative abundance 
curves for three species of Trichoptera (a), 
Plecoptera (b), Coleoptera (c) and three 
dipteran families (d) in relation to sedi­
ment cover. Tolerance values (Table 4) 
were estimated where 50% cumulative 
abundance occurred (dotted line).
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samples and sediment features averaged at the reach- 
scale. In other words, when using fine-scale methods 
at the same sampling resolution as the reach-scale 
survey, sediment effects were far less detectable. This 
result confirms that differences in survey outcome 
between the patch and reach-scale survey were not 
due to differences in the timing or method of 
invertebrate collection.

In a second methodological evaluation, w e assessed 
whether patch-scale effects of sediments were still 
apparent within those streams with sufficient varia­
tion in sediment cover. In the Afon Cynrig (sediment 
cover 2.5-35%) and Ysgir Fechan (10-27%) EPT 
richness declined consistently with increasing sus­
pendable sediments or sediment cover (rs = -0.81 to 
-0.88, n = 6-7; P = 0.02-0.01). In the Afon Honndu 
(9.5-28.7%) %EPT declined with increasing suspend­
able sediments (rs = -0.76; n = 8; P = 0.02). However, 
in the Bran (6.5-31%) no effects were evident on 
community metrics. Also, in the Cynrig, total taxon 
richness also declined with increasing sediments 
(rs = -0.84; P = 0.01, n = 7) and in the Ysgir Fechan 
the relative abundance of Oligochaeta increased 
(rs = 0.81; P = 0.04; n -  6). Therefore, the responses 
of invertebrates to sedim ents were generally consis­
tent within streams and even with reduced sample 
size.

Discussion

Linkages am ong riparian or catchment land-use, 
erosion and sediment behaviour in streams are 
increasingly well established (Rabeni & Smale, 1995; 
Riley et al.r 2003; Opperman et a l,  2005). Awareness of 
the ecological significance of suspended and bedload 
sediments is growing, particularly in anthropogeni- 
cally modified catchments and where there are 
important resources such as salmonids or other 
organisms of high conservation value (Walling, Col­
lins & Mcmellin, 2003; Owens et al., 2005). Under­
standing the factors controlling the spatial variability 
of sediments and their effects is therefore an impor­
tant management requirement. Although derived 
from an extensive, correlative survey across locations, 
our data offer som e support for these needs in upland, 
temperate streams.

In support of the first of our hypotheses, more than 
59% of the variation in deposited sediments in the 
Usk was explained by local (500 m) bank erosion. 
Catchment woodland cover was also an important 
correlate, supporting its role in preventing the release 
of fine sediments into the channel (Zimmerman, 
Vondracek & Westra, 2003; Opperman et al., 2005). 
In turn, bank erosion appeared to be mediated by 
riparian land use, with wooded vegetation likely to
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Table 4 Ranking of 27 common taxa based on their 50% abun­
dance in relation to cumulative sediment cover (see Fig. 6)

Taxon Order

Sediment 
cover (%) 
for 50% 
abundance

Hydropsyche irtstabilis Trichoptera 1.5
Perla bipunctata Plecoptera 2.5
Helodidae Coleoptera 3.1
Simulidae Diptera 3.5
Caenis rivalorum Ephemeroptera 4.5
Sericostoma personatum Trichoptera 4.7
Hydraem gracilis Coleoptera 4.7
Hydropsyche silialai Trichoptera 5.3
Baetis scambus Ephemeroptera 6
Elmis aetiea Coleoptera 6.3
Rhyacophila spp. Trichoptera 6.3
Chironomidae Diptera 6.3
Esolus parallelepipedus Coleoptera 6.6
Heptagenia lateralis Ephemeroptera 8.3
Rhithrogena semicolorata Ephemeroptera 8.9
Ephemerella ignita Ephemeroptera 9.1
Limnius volkmari Coleoptera 9.1
Baetis rhodani Ephemeroptera 9.5
Lenctra geniculata Plecoptera 9.8
Baetis muticus Ephemeroptera 10
Leuctra moselyi Plecoptera 10
Ecdyonnrus sp. Ephemeroptera 10.6
Chloroperla torrentium Plecoptera 11.2
Odontocentm albicome Trichoptera 12
Tipulidae Diptera 12
Oligochaeta Anellida 12.7
Oreodytes sanmarkii Coleoptera 13.1

limit sediment release by stabilizing stream banks. 
This finding accords with the general pattern of 
sediment sources for other rivers in this region, as 
assessed by fingerprinting methodologies, where 
channel and sub-surface sources are the major con­
tributors to in-stream sediments (Walling et al., 2003). 
Also, fine sediments collected in our streams were 
mostly composed of coarser sand fractions likely to 
originate from the channel (Knighton, 1998). H ow ­
ever, other factors beside woodland cover must affect 
sediment supply in the study area, since relatively low  
sedimentation was also observed in som e grassland 
reaches with eroded banks. Although Townsend et al. 
(2004) suggested that marginal pastures margins 
could increase stock trampling and bank instability, 
there is evidence that grassland buffers can be 
effective sediment filters, especially of the coarse 
fraction (Le Bissonnais, Lecomte & Cerdan, 2004; 
Dosskey, Hoagland & Brandle, 2007; Mankin et al.,

2007). Temporal variability and seasonality in bed 
sediment cover and direct livestock access to streams 
might also be involved (Walling et al., 2003; Mciver & 
Mcinnis, 2007). In these instances, destabilization of 
stream banks due to over-grazing coupled with 
footpaths and roads running across steep slopes can 
be responsible for disproportionately large increases 
in sediment delivery -  even very locally -  but no such 
occurrences were apparent in our data.

Scale-dependent effects

Our second hypothesis, that relationships between 
invertebrates and sediments should be scale depen­
dent, was also supported strongly, and this result 
raises som e methodological and management issues. 
Few other studies have addressed this hypothesis (e.g. 
Townsend, Scarsbrook & Doledec, 1997; Smiley & 
Dibble, 2008), and in all cases significant effects were 
observed mostly at the finest spatial resolution.

At broader, reach-scales, neither assemblage nor 
invertebrate metrics revealed any large effects of 
sediments, with m ost invertebrate variations instead 
tracking land-use change from upland to improved 
grassland. Such significant land-use effects on stream 
biota occur often where native vegetation changes to 
pasture or agriculture (Braccia & Voshell, 2007; 
N iyogi et al., 2007), and mechanisms include altered 
hydrology (Allan et al. 1997, Davies-Colley 1992), 
nutrient release and allochthonous or solar energy 
flux (Osborne & Kovacic, 1993; Harding et al., 1999). 
Reduced invertebrate diversity observed in pasture 
reaches in the Usk is likely to have reflected changes 
in water quality as both nitrates and BOD were 
higher in grassland. Even small changes in these 
variables, similar to those detected here, were suffi­
cient to affect invertebrates in the adjacent Wye 
(Clews & Ormerod, 2008). Most of the remaining 
reach-scale variation in invertebrate composition 
remained unexplained, as is common in surveys, 
and largely depends on the number of sites and taxa 
(Leps & Smilauer, 2003). Nevertheless, the increased 
abundance of oligochaetes in sediment-enriched 
reaches showed that some localized effects were 
detectable even at this scale.

Apparent sediment effects on organisms became far 
clearer at increased sampling resolution, i.e. in units 
of decreased sample size that captured within-reach 
variation. Overall composition and associated
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invertebrate metrics responded predictably to increas­
ing fine sediments measured as both bed cover and 
suspendable material, w ith overall taxon richness and 
El5!  taxon richness respectively 20% and 25% lower 
at the most sediment-impacted sites than in locations 
free of sediments. Besides the proportion of Oligo­
chaeta, none of the invertebrate metrics related to 
sediments correlated with other micro-habitat fea­
tures, such as current velocity or water depth, imply­
ing that the correlations were not spurious. However, 
one interesting methodological point to emerge was 
that estimates of sedim ent cover differed between 
surveys at reach- and patch-scales. Although the 
values were correlated with each other (rs = 0.62; 
P = 0.03) and with measures of bank erosion, the 
latter produced lower estimates (1-35% cover) than 
the former (1-75%). A further corollary is the patch- 
scale measurements evidently detected sedimentation 
effects on organisms at substantially lower values of 
cover than could occur at the reach scale without such 
effects. Almost certainly, these differences reflect the 
gain in measurement accuracy at the finer scale, when 
10 observations were made immediately around each 
Surber sampler as opposed to 12 estimates spread 
sparsely in two transects over entire reaches. Not only 
there were more measurements per unit area at the 
finer scale, but also they were taken directly adjacent 
to the point of biological sampling. At the same time, 
there is a potential sampling bias in that Surber 
sampling is constrained to operate in substrata of finer 
particle sizes (i.e. avoiding boulders and bedrock) 
where sediment deposition effects could be greatest.

The net outcome from the patch-scale survey was 
that variations in composition, invertebrate diversity 
and EPT richness could be related to sediment cover, 
with results supporting previous work. Generally 
consistent effects of sedimentation on overall diversity 
and EPT taxa in North America (Fossati et al., 2001; 
Zweig & Rabeni, 2001; Kreutzweiser et al., 2005), 
Australia and N ew  Zealand (Quinn et al., 1992; 
Downes et al., 2006; Matthaei et al., 2006) imply that 
the same general processes must be involved, linked 
also with shared biological traits among sensitive 
organisms. Similarly, Braccia & Voshell (2006) found 
relative abundance of Coleoptera to be consistently 
related to fine sediment in cattle impacted streams. In 
some cases, where sedim ent cover reaches 100%, 
effects can be even stronger than those w e detected 
(Zweig & Rabeni, 2001). In our example, those taxa
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most sensitive to sediments, as identified from the 
cumulative abundance curves, were H. instabilis and 
P. bipunctata, both species normally associated with 
fast-flowing and sediment-free habitats. For hydrop- 
sychids, previous data suggest that sensitivity can 
arise due to the effects of suspended sediments on 
feeding nets (e.g. Strand & Merritt, 1997), and similar 
mechanisms might be responsible for the decreased 
abundance among filter-feeding simuliids. With some 
authors calling for the development of more pressure- 
specific metrics through which stream organisms can 
be used to diagnose reasons for stream impairment, 
rather than just detecting it (Clews & Ormerod, 2008), 
further data ranking the specific sensitivities of 
invertebrates to fine sediments would be valuable.

Interestingly, the patch-scale data revealed that 
som e effects of varying sediment occurred only within 
land-use types. Invertebrate assemblages in upland 
locations showed the stronger response to sediments, 
with almost all invertebrate metrics highly signifi­
cantly affected by sedimentation. The response of 
Chironomidae to sedimentation must, however, be 
interpreted with caution considering their wide 
ranging habitat and feeding strategies. Even at the 
sub-family level, Orthocladiinae and Chironominae 
respond respectively negatively and positively to 
sediment accumulation, so that family level identifi­
cation is inadequate to appraise response (Angradi,
1999). Increased invertebrate abundance in upland 
locations with increasing sediment cover is somewhat 
contrary to expectation but linked to the increased 
abundance of sediment tolerant oligochaetes as well 
as the stonefly, Leutra moselyi.

By contrast, sediment effects on invertebrates in 
grassland locations were weaker, even though this is 
where the largest sediment accumulations occurred. 
One possibility is that effects were masked here 
because invertebrate diversity was already lower than 
in upland locations, linked possibly to nutrient con­
centrations. These results support those from exper­
iments by Matthaei et al.(2006), who showed that 
sediments affect streams with the greatest inverte­
brate diversity where previous sediment effects have 
been small. As in our upland sites, these workers also 
observed a moderate increase in invertebrate density 
with increasing sediment cover. In combination, this 
previous study and ours suggest that sediment effects 
on macroinvertebrate communities might depend on 
the diversity and sensitivity of organisms present,
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with streams in semi-natural catchments at greatest 
risk of impairment.

Overview

Overall, we conclude that sediment deposition in this 
upland, temperate river system mostly reflects local 
bank erosion, particularly interacting with riparian 
and catchment woodland cover. Ecological effects on 
organisms occured mostly in upland locations, where 
reductions in richness at the most sediment-affected 
sites were substantial, and there are three general 
implications.

First, the interaction between woodland, sediment 
release and ecological effects is important in this 
British river catchment where many riparian trees 
have been removed for agriculture, and only now are 
being restored through a range of agri-environment 
and riparian management schemes. Sediment controls 
are only one such benefit from carefully riparian-zone 
maintenance (Petersen et al., 2004).

Secondly, ecological effects in the Usk occurred 
even though most of the fine sediments involved were 
coarser, nan-flocculating sand rather than silt and 
clay. Elsewhere, these finer fractions substantially 
alter substratum quality, reduce interstitial flow, alter 
oxygen exchange and increase ion-exchange capacity 
(Schalchli, 1992; Brunke & Gonser, 1997), and are 
considered to be responsible for many of the negative 
effects on stream organisms (Waters, 1995). This 
fraction was a minor substratum component in our 
study streams, yet some effects were still detectable.

Finally, the detection of such effects was scale- 
dependent. This implies that sediment effects may be 
influenced by larger catchment controls, w hile requir­
ing also a finer-scale approach that might have been 
more accurate for sediment effects in the Usk. We 
suggest that the assessm ent of the effects of diffuse 
anthropogenic sedim ent can benefit from a scale- 
specific approach, in which local (i.e. reach-based) 
effects can be separated from broader (i.e. whole- 
stream, catchment) influences. Of more direct man­
agement importance, sedim ent effects could go unde­
tected without appropriately scaled investigation.
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SU M M A R Y

1. The delivery, entrainm ent and deposition  of inert fine sedim ents are am ong the most 
significant contributors to stream and river im pairm ent w orldw ide. Associated ecological 
effects have been observed frequently, but specific experim ents to identify sensitivity  
and avoidance behaviour in stream organism s are few , particularly in headwaters.
2. In a field-experim ent, w e  added fine sand at lo w  levels (c. 4 -5  kg m -2) to 10 m reaches of 
tw o replicate headw ater stream s in the U sk catchm ent (W ales, U.K.) over tw o periods 
(autum n and sum m er). Upstream  reaches w ere used as control in a classic before-after- 
control-im pact design . Invertebrate drift and benthic com position w ere m easured for
2 days before and 1 day after sedim ent im pact.
3. Sedim ent addition significantly increased overall drift density (by 45%) and propensity  
(by 200%), w ith effects largest on the n ight fo llow in g  addition  rather than im m ediately (i.e. 
within 9 h). The m ayflies Baetis rhodani, B. muticus and Ecdyonurus spp., sim uliid  and 
chironom id dipterans, and helodid  beetles w ere the strongest contributors.
4. There w ere no marked effects on benthic com position, but density declined in treated 
reaches b y 30-60% , particularly in  B. rhodani, Ecdyonurus spp. and Leuctra hippopus + L. moselyi.
5. All effects w ere consistent betw een  both seasons and streams.
6. These data sh ow  h ow  even  low -level, short-term, increases in fine sedim ent loading to 
upland, stony streams can reduce overall benthic d en sity  through increased drift. W e 
su ggest that the likely cause of the delayed  drift response w as a change in habitat quality 
w hich prom pted avoidance behaviour. Longer-term  experim ents are required to assess 
w hether these effects reduce fitness or explain the losses of som e types of organisms 
observed recently in sedim ent-im paired reaches of this and other catchments.

Keywords: drift, habitat quality, insects, m acroinvertebrates, w ater quality

Introduction

Catchment agriculture, urbanisation, forestry and 
mining not only alter energy fluxes, hydrology, 
thermal regimes and habitat availability in rivers 
(Osborne & Kovacic, 1993; Roth, Allan & Erickson, 
1996; Manel, Buckton & Ormerod, 2000), but can also 
increase fine sedim ent delivery and alter sediment
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quality with profound consequences for aquatic 
organisms (reviewed by Ryan, 1991; Waters, 1995; 
Wood et al., 2005). These ecological effects depend on 
sediment character, size-distribution, particle shape 
and associated pollutants (Lemly, 1982; Wood et al., 
2005), as well as catchment and stream characteristics 
(Culp, Wrona & Davies, 1985; Collins, Walling & 
Leeks, 1997; Kreutzweiser, Capell & Good, 2005; 
Larsen, Vaughan & Ormerod, 2009). Organisms at 
all trophic levels are affected, for example through a 
reduction of available light for primary producers and 
visual predators (Rowe & Dean, 1998; Parkhill &
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Gulliver, 2002), alteration of substratum structure and 
habitat quality for benthic organisms (Chutter, 1968; 
Turnpenny & Williams, 1980), decline in feeding 
efficiency of filter-feeders and grazers (Graham, 
1990; Broekenhuizen, Parkyn & Miller, 2001) and 
reduced oxygen supply to salmonids eggs via inter­
stitial occlusion (Argent & Flebbe, 1999; Greig, Sear & 
Carling, 2005). Shorter-term effects are also possible 
through the displacement or avoidance behaviour of 
organisms affected by suspended, saltating or depos­
ited particles (Gibbins et al., 2007).

However, identifying sedim ent effects on stream 
organisms, and the processes involved, is hindered by 
two major problems. First, sediments occur often 
alongside other stressors which might exacerbate or 
mask effects (Matthaei et al., 2006). In agricultural 
catchments, such confounds include nutrients, pesti­
cides, alteration in runoff pattern and habitat modi­
fication. Secondly, sediments in any one location can 
arise from a diverse array of catchment sources. For 
example, point-sources associated with the effects of 
livestock on bank erosion might be locally important, 
but small by comparison with larger-scale releases 
from tillage, from the wider conversion of catchment 
forests to grassland or even from large-scale natural 
release. In these circumstances, experimental investi­
gations can have major advantages over observational 
approaches, with sediment additions, artificial sub­
strates of varying grain-size, flumes or experimental 
streams all used in the past (Doeg & Milledge, 1991; 
Angradi, 1999; Bond & Downes, 2003; Connolly & 
Pearson, 2007).

In the Upper Usk catchment, in south-central Wales 
(U.K.), recent surveys have suggested that local 
sediment deposition is associated with decreased 
woodland cover and increased bank erosion (S. Larsen 
and S.J. Ormerod, unpubl. data). Apparent effects on 
stream invertebrates include altered assemblage com­
position, reduced richness, reductions in the density of 
sensitive species and an overall reduction in trait 
diversity (S. Larsen & S.J. Ormerod unpublished data). 
However, the exact mechanisms are unclear. There are 
a range of possibilities (see above), but here w e turn 
our attention to the possibility that sediment deposi­
tion and sediment m ovement might cause short-term  
invertebrate losses and redistribution through drift.

While the drift of invertebrates is a natural process 
in streams, representing emigration and immigration 
between patches of different quality, changes in

© 2009 Blackwell Publishing Ltd, Freshwater Biology, 55, 476-486

substratum character can alter drift behaviour (e.g. 
Holomuzki & Biggs, 2003). Evidence from several 
studies has shown that sediment transport and 
increased turbidity can promote invertebrate drift 
causing a reduction in benthic density and richness 
(Rosenberg & Wiens, 1978; Culp et ah, 1985; Suren & 
Jowett, 2001). Laboratory data suggest that such 
effects can also arise due to small changes in bedload 
or saltating particles (Gibbins et ah, 2007). However, 
not all results have been consistent (Connolly & 
Pearson, 2007). Moreover, early experiments on the 
effects of sediments on drift were characterised by 
limited replication (Rosenberg & Wiens, 1978; Culp 
et ah, 1985), while those carried out in artificial 
channels might not scale-up to represent real stream 
ecosystem s (Suren & Jowett, 2001; Bond & Downes, 
2003). Most of all, considering the sensitivity of 
streams and stream organisms to sediments (Matthaei 
et ah, 2006; Connolly & Pearson, 2007), realistic 
experiments to investigate the effects of sediments 
on invertebrate drift have been surprisingly few.

Following experimental approaches used previ­
ously (Rosenberg & Wiens, 1978; Culp et ah, 1985), 
w e describe a replicated field-experiment in which we 
manipulated fine sediment supply to two second to 
third streams to test the hypothesis that relatively 
small increases in sedim ent deposition and transport 
can increase the short-term drift of sensitive benthic 
invertebrates. Specifically, w e expected that any 
invertebrates showing an immediate avoidance or 
displacement reaction to sediment addition might 
occur rapidly in the drift. Alternatively, alterations in 
habitat quality for invertebrates would be reflected in 
increased behavioural drift as part of the normal 
nocturnal drift pattern. Both responses could reduce 
benthic density and w e evaluated this possibility. A 
secondary aim of the experiment was to compare the 
apparent sensitivity of individual species to sediments 
as shown by their short-term drift with apparent 
tolerance to longer-term sediment effects indicated by 
our previous surveys (Larsen et ah, 2009).

Methods

Study area

The Senni and Grwyne Fawr are two small, third- 
order tributaries (3-5 m wide) of the Usk River in 
Wales at 290-300 m above sea level (National Grid
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Reference: SN925207 and S0266251, respectively) and 
these upland locations have been shown previously to 
be sensitive to sedim ent deposition (Larsen et ah, 
2009). One of the largest rivers in Wales, the Usk is 
dominantly rural, sparsely populated and one of the 
most important game fisheries in Britain (see Larsen 
et al, 2009 for more details). The reaches selected for 
the experiment drained semi-natural rough pasture 
and woodland, and had substrata of bedrock, boul­
ders and cobbles, moderately shaded by deciduous or 
conifer trees. The streams have similar ionic compo­
sition, rich in carbonates with high pH (c. pH 7.8-8) 
but low in nutrients (average nitrate 0.9 mg L_1; 
phosphate 0.02 mg L_1), and invertebrate communi­
ties are diverse and dominated by Ephemeroptera, 
Plecoptera and Trichoptera. The local geology of 
Devonian Old-red Sandstone has given rise to rela­
tively sandy soils and alluvial deposits that, in the 
upper catchment, enter streams through bank-face 
erosion in locations where broadleaf trees have been 
removed. There are also point sediment sources 
where livestock trampling or local bank manipula­
tions have caused sediment release. We wished to 
mimic the effects of such low-level sedim ent additions 
experimentally under controlled conditions.

Experimental design

In each of the two replicate streams w e selected one 
downstream reach for sediment addition ('impact') 
and one upstream control reach to be as similar 
physiographically as possible within the same 40 m 
section. Invertebrate drift patterns were measured 
simultaneously in both reaches for two x 24 h periods 
before sediment addition ('Before V, 'Before 2') and 
for 24 h after sediment addition ('After7), thus follow­
ing a classic before-after-control-impact (BACIP) de­
sign (Stewart-Oaten & Bence, 2001). Experiments were 
carried on in autumn 2007 (21 September-10 October) 
and repeated in entirety at each site in summer 2008 
(26 June-19 July), giving a total 12 days (288 h) of drift 
sampling.

In each case (i.e. each season and each stream), at 
the beginning of the 'After' period (f. 24:00 hours), 
clean childrens' play-sand (0.25-0.125 mm = ~60% in 
dry weight and 2-0.5 mm = ~30% ) was added as 
evenly as possible to the 10 m impact reaches at a 
concentration of c 4-5  kg m~2 (corresponding to c. 25- 
35% bed cover). We chose this material because it was

unaffected by contaminants or nutrients that would 
confound sedimentation effects and it had a size- 
distribution near-identical to naturally occurring sed­
iments in the Usk (0.25-2 mm; Larsen et al, 2009). 
Additions were made mostly from the banks to limit 
substratum disturbance, and w e aimed to cover up to 
35% of the benthos to mimic values at which longer- 
term effects occur (Larsen et a l, 2009). Water temper­
ature, pH and conductivity were measured on each 
day of the experiment.

Invertebrate sampling

Throughout all experiments, steel poles fixed to the 
streambed held two adjacent rectangular drift nets 
(40 x 24 cm) in both impact and control reaches, 
respectively of two mesh sizes (0.9 and 0.44 mm) 
thereby attempting to capture differently sized organ­
isms. The twin control nets were positioned at least 
6 m from the upstream end of the sand-impacted 
reaches. N et contents were collected at 3 h intervals 
for 24 h starting at 12:00 on each sample day, with all 
drift samples combined from the contents from the 
two nets in each reach. The volumes of water filtered 
were estimated from three measurements of current 
velocity and water depth at the beginning, middle and 
end of each 3 h sampling session.

In addition to drift samples, four pooled Surber 
samples (30 x 30 cm; 0.44 mm mesh) were collected 
in both impact and control reaches at the end of each 
drift sampling day. Invertebrates were immediately 
preserved in 70% ethanol and then sorted and 
identified as far as possible in the laboratory 
(Edington & Hildrew, 1981; Friday, 1988; Elliott, 
2003; Wallace, Wallace & Philipson, 2003).

Data analysis

Analyses were carried out to assess variations in both 
drift density (N /100 m3) and drift propensity (drift 
density/benthic density), thereby accounting for dif­
ferences in discharge and benthic composition among 
times and locations. Invertebrate abundances were log 
(x + 1) transformed when necessary. Although inver­
tebrate composition differed slightly between the 
streams (see Results), dominant taxa were the same 
and could be included in the same analyses.

Drift variations were assessed using mixed-effects 
models because we had longitudinal data (repeated
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measures). Season and stream were included as 
random factors, while experimental period (before 
and after) was treated as a fixed factor to assess 
differences in drift response. Analyses were run on r  

(Ihaka & Gentleman, 1996), using the 'nlme' extension 
(Pinheiro & Bates, 2000).

The BACIP design used allowed us to derive the 
main variables for analysis form the differences 
between impact and control locations; H0 was that the 
impact-control difference before treatment was equal to 
the impact-control difference after treatment. This is 
equivalent to measuring the interaction term between  
reach type (control, impact) and time (before, after) in a 
classic a n  o v a  (Weiss & Reice, 2005; James, Dewson & 
Death, 2008). Response variables thus described the 
total drift densities and propensity, drift densities and 
propensities of each dominant taxon and benthic 
densities. No correction for m ultiple tests was per­
formed and w e give exact P-values in each case.

We used detrended correspondence analysis (DCA; 
Hill & Gauch, 1980) to assess whether sand addition 
had any gross effects on either benthic or drift 
composition. This exploratory method is a well- 
known, simple' approach to indirect gradient ordina­
tion that uses reciprocal averaging to order samples 
objectively according to the frequency of co-occur­
rence of their constituent taxa. Sample scores reflect 
turnover in taxonomic composition along orthogonal 
axes, and these can be related to sample attributes or 
environmental conditions, in this case before and after 
sediment addition, and benthic versus drift samples. 
Although DCA has received some criticism associated 
with the detrending algorithm used to remove any 
curvilinear relationships between axes (i.e. 'the arch 
effect') (Wartenberg, Ferson & Rohlf, 1987), in our case 
identical ordination patterns were produced by DCA 
and non-metric multidimensional scaling based on  
Bray-Curtis similarity.

Results

Autumn and summer water temperatures during the 
experiment ranged were 9-12 and 12-17 °C, respec­
tively, while conductivities during both seasons was c. 
150 ps cm-1 and pH 7.2-8. Current velocities in the 
study streams over the two seasons typically ranged 
over 20-60 cm s-1

Seventy-two macroinvertebrate taxa occurred in the 
drift, but most were at low  abundance. Baetis rhodani
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(Pictet), Ecdyonurus spp., chironomids and simuliids 
accounted for more than 60% of total drift abundance, 
with aquatic drift densities peaking at c. 60-80 indi­
viduals m-3 prior to any treatment. The contribution 
of terrestrial invertebrates to total drift in any single 
24 h reached 50% in the summer, but fell to <10% 
throughout the autumn experiments. Overall, terres­
trial invertebrates, m ostly dipterans, accounted for up 
to 16% of total drift.

Drift response to sediments

Sediment addition increased both drift density and 
drift propensity (Table 1, Fig. 1). Sand additions, on 
average, resulted in 15 more individuals drifting per 
100 m3 and drift density in the impact reach increased 
by 35% in autumn, 60% in summer and 45% overall. 
Although there was a slight increase in drift in the 
autumn experiment immediately after sediment in­
put, significantly increased drift was not immediate 
(i.e. within the first 9 h after addition). Instead, drift 
patterns maintained the expected diel variation, with 
densities increasing after sunset (c. 19:00 hours in 
autumn and 21:00 hours in summer; Fig. 2). Inverte­
brate response to treatment therefore appeared to be 
delayed and contributed to night-time drift in the 
impacted reaches compare to control (Fig. 2).

Table 1 Mixed effect m odel (N -  12) BACIP F and P-values of 
the effect of sand addition to drift and benthic variables for 
the two streams and seasons combined

F (2, 6) P-value
% change in 
Impact reach

Drift variables
Total density 15.9 0.004 +45
Total propensity 66.7 0.0001 +200
Baetis rhodani density 15.8 0.004 +63
Ecdyonurus spp. density 47.7 0.0002 +26
Simulidae density 10.4 0.01 +81
Baetis rhodani propensity 12.2 0.007 +155
Ecdyonurus sp. propensity 15.8 0.004 +422
Baetis muticus propensity 6.0 0.03 +437
Helodidae propensity 4.5 0.05 +121
Chironomidae propensity 7.2 0.02 +433

Benthic variables
Total density 14.0 0.005 -30
Baetis rhodani 4.75 0.05 -63
Ecdyonurus sp. 11.0 0.009 -26
Leuctra (hippopus + moselyi) 29.5 0.0008 -50

See text for details.
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Fig. 1 Box-Whisker plots, showing mean and interquartile 
range to illustrate the differences in drift and benthic measures 
between impact and control reaches before and after sediment 
addition. Drift propensity = drift density/benthic density. Note 
that transformed abundances were used in analyses.

Much of the additional drift was explained by 
commonly drifting taxa; drift density in the mayflies 
B. rhodani, and Ecdyonurus spp., as well as simuliid 
dipterans, all increased after sediment input (Table 1). 
Overall changes in drift propensity in the impact 
reach were large (200%), particularly in the afore­
mentioned taxa, and in Baetis m uticus (Linnaeus), 
chironomids and larval Helodidae. There was no 
effect on som e other taxa that were relatively common 
in the drift, such as the mayflies Baetis scambus Eaton, 
Heptagenia lateralis (Curtis) and the coleopterans Elmis 
aenea (Muller), Lim nius volkm arii (Panzer) or O ulim nius 
tuberculatus (Muller).

Visual inspection of DCA plots for both seasons 
illustrated that sediment addition had no marked 
effects on the taxonomic composition of the drift 
(Fig. 3), and drifting invertebrates formed assem­
blages that were equally distinct from the benthos 
both before and after sediment addition. Even though 
general assemblage composition apparently differed 
between the two streams according to ordination, drift 
responses to sedim ents were highly consistent across 
both streams and seasons (Fig. 4).

B enthic respon se to  sed im en ts

Benthic samples produced 56 taxa, with B. rhodani, 
Ephemerella ignita  (Poda), E cdyunurus spp. and chir­
onomids the most abundant. Average densities in the 
treated reaches were slightly higher than control 
reaches before sedim ent input (Fig. 1), but sediment 
addition reversed this position, resulting in a signif­
icant reduction in overall benthic density of >300 
individual m-2 (Fig. 1). In particular, densities of 
B. rhodani, Ecdyonurus sp. and Leuctra hippopus 
(Kempny) + L. m oselyi Morton were significantly 
reduced in impacted reaches after sand addition by 
26-63% (Table 1). Ordination showed that there were 
no changes in overall taxonomic composition (Fig. 3). 
As with the drift, benthic invertebrate in the two 
study streams formed distinct groups in DCA plots 
for both seasons, but sediment effects on density were 
consistent across sites and seasons (Fig. 4).

Discussion

These results support the hypothesis that small 
increases in sediment loads to stony streams increase 
invertebrate drift and reduce benthic density, at least
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over short-time periods. Sediment additions of just 4 -  
5 kg m~2, covering the benthos to levels typically seen  
at the lower range of deposition of this same catch­
ment, increased drift density or propensity in simuli- 
ids, chironomids and several mayflies, with the latter 
also declining consistently in benthic numbers. Drift 
responses were not immediate (Rosenberg & Wiens, 
1978; Culp et al., 1985; Doeg & Milledge, 1991), but 
delayed into the first period of darkness following 
sediment addition, suggesting avoidance of appar­
ently impaired habitat rather than immediate 
behavioural displacement (Fairchild et al., 1987; Matt­
haei et al., 2006). This form of behavioural drift and 
redistribution is well-known as a response to local 
carrying capacity and habitat conditions, particularly 
where reduced food quality or availability prompts 
individuals to seek new  patches (Hildebrand, 1974). 
However, because drift carries a predation risk, it is 
mostly nocturnal in locations occupied by drift-feed­
ing fishes and it is interesting that drift from 
sediment-impacted patches here was deferred into

darkness. Diel activity patterns in epilithic grazers 
such as mayflies also mean that surface-deposited 
sediments might not be encountered until darkness 
(Glozier & Culp, 1989). Interestingly, leuctrid stone- 
flies also declined in the benthos following sediment 
addition despite showing no change in drift suggest­
ing that other avoidance behaviours might also have 
occurred, such as movement into the hyporheos.

Despite apparently straightforward support for the 
hypothesis under test, several aspects of our results 
require cautious interpretation. As well as water 
quality or temperature, biotic factors such as food 
scarcity, competition and the presence of predators 
can influence drift densities (e.g. James et al., 2008). 
Drift can therefore vary significantly not only through 
the diel cycle, but even between days in the same 
week (Brittain & Eikeland, 1988). Variations also occur 
among streams, as well as vertically and horizontally 
within streams, potentially affecting estimates based 
on small numbers of observations (Neale et a l, 2008). 
Variations around the drift profiles during our

© 2009 Blackwell Publishing Ltd, Freshwater Biology, 55, 476-486
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Fig. 3 DCA plots of sum m er (a) and autum n (b) experiments. 
Each group has six samples corresponding to either drift or 
benthic samples taken twice before and once after sediment 
addition in both control and impact reaches. Black circles 
represent impact locations after sediment addition. Drift and 
benthic assemblages formed distinct groups for both streams. 
Note that the axes are in units of standard deviation such that 
4 SD represents c. 100% turnover in species composition.

experiment reflect som e of these differences between  
sampling sessions and streams after accounting for 
varying discharge. However, our experimental BACIP 
design, with matched control with impact reaches and 
analysis focused on the differences between them, 
meant that any confounds were unlikely (Stewart- 
Oaten & Bence, 2001). Moreover, despite som e vari­
ability, the direction of all results w as consistent 
between seasons and study streams, allowing a more 
confident interpretation of observed effects.

Three particular methodological aspects of our 
study were not controlled by our design and require 
particular attention. First, the possibility exists that 
extreme invertebrate drift distances might have

exceeded the length of our experimental reaches, so 
that not all invertebrates captured in the drift had 
necessarily originated from the treated areas (Brittain 
& Eikeland, 1988). However, changes in such effects 
during the experiment would be an unlikely expla­
nation for apparently enhanced drift in both treated 
reaches and on both experimental occasions. More­
over, typical drift distances are much less than our 
experimental reaches and typically <2-20 m (Allan, 
1995). Secondly, and linked to the previous point, 
upstream drift nets in the reference reaches might 
have intercepted drifting invertebrates and therefore 
contributed to the reduction in treatment-reach den­
sity over the course of the experiment. We rule out 
this possibility because any such effects should 
already have been apparent before sediment addition 
(i.e. on the second 'Before' day) rather than following 
sediment addition. Thirdly, the type of sediments we 
added, although formed from siliceous sand compa­
rable in size and composition to the naturally occur­
ring fine fraction in the Usk system, may have differed 
in other features, such as sphericity and angularity. 
These features can be relevant ecologically (Holo- 
muzki & Biggs, 2003). However, any such effects 
would limit the application of the results to the Usk 
rather than their general relevance to other locations 
where sandy sediments enter streams.

Although not common, other studies have reported 
the effects of experimental sediment additions and 
turbidity on drift, but comparisons with our experi­
ment are complicated by the differences in the 
methods, designs and sediment characteristics used. 
For example, Rosenberg & Wiens (1978) and Doeg & 
Milledge (1991) detected an immediate drift response 
to increased suspended clay and silt sediments in 
natural channels, but neither measured behavioural 
drift at night nor used a replicated or controlled 
design. Culp et al. (1985) added sand to two contrast­
ing streams and recorded immediate and delayed 
drift only where sand particles were transported 
downstream by saltation, suggesting that sediment- 
flow interactions are important to invertebrate redis­
tribution. Similarly, working in a flume, Gibbins et al.
(2007) showed that fine sediment movement could 
trigger substantial drift, concluding that even low bed 
loads could denude stream patches of invertebrates. 
In this study, w e did not measure the rate of sand 
displacement, but most of the material added was 
transported away from the treated reaches after 24 h

© 2009 Blackwell Publishing Ltd, Freshwater Biology, 55, 476-486
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Fig. 4 Interaction plots showing the 
contribution of streams or seasons on the 
mean differences of drift and benthic 
density between impact and control 
reaches before and after sediment 
addition.
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illustrating that saltation and/or suspension must 
have been occurring. However, Suren & Jowett 
(2001) demonstrated that even deposited, non-saltat- 
ing, fine sediments (~12 kg m-2) caused significant 
drift coupled with decreased benthic densities in 
some taxa. In complete contrast, Bond & Downes 
(2003) concluded from experimental manipulations 
that suspended sediment additions to experimental 
streams had no additional effects in displacing inver­
tebrates over those caused by flow increase alone. The 
sediment size range was very similar to that in our 
study, although drift wras recorded over a much 
shorter, diurnal period that, if used in our experiment, 
would have failed to detect the subsequent increase in 
nocturnal drift. With the exception of this last study, 
and notwithstanding som e variations with respect to 
the timing and possible mechanisms involved, overall 
this study is consistent with previous data in con­
firming that invertebrates drift in response to sedi­
ments even at the low  loadings used.

Despite their limitations, freshwater ecology has a 
long history of using experiments at small spatio- 
temporal extents to exam ine the potential effects of 
larger-scale phenomena. Examples include investigat­
ing the role of drift or refuge effects in large- 
scale disturbance and recolonisation (Townsend &

© 2009 Blackwell Publishing Ltd, Freshwater Biology, 55, 476-486

Hildrew, 1976; Palmer, Bely & Berg, 1992), or assess­
ing the short-term (<24 h) sensitivity of invertebrates 
to globally widespread pollutants (Ormerod et a l, 
1987). In all these cases, there are difficulties in 
scaling-up, but equally there are major benefits in 
understanding whether effects observed at one sup­
port patterns observed at other scales. In keeping with 
these concepts, a secondary aim of this experiment 
was to examine how  drift responses to sediments 
m ight corroborate previous survey work in the same 
river system that related invertebrate assemblages, 
trait composition and apparent species sensitivity to 
large-scale sediment cover (Larsen et a l, 2009; 
S. Larsen and S.J. Ormerod, unpubl. data). There are 
limitations here because the 24 h treatment period 
was apparently insufficient to reduce benthic richness 
or alter community composition. Moreover, the lim­
ited reach length in our experiment means also that 
drift responses will have represented local redistribu­
tion of organisms between patches rather than larger- 
scale impairment. Additionally, because experiments 
on drift are likely to capture a different set of taxa 
from benthic sampling (see Fig. 4), there are also 
difficulties in comparisons with taxa whose sensitivity 
to sediments was shown from benthic data. Never­
theless, substantially reduced density in treated
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reaches is an illustration of how longer-term sediment 
effects on benthic organisms might arise and develop  
where sediment delivery is sustained.

In our larger-scale surveys, the overall richness of 
Ephemeroptera, Plecoptera and Trichoptera was 
reduced at sediment-treated sites, to which a longer- 
term displacement of B. rhodani, B muticus and 
Ecdyonurus spp. could contribute. Baetis spp, generally 
avoid fine substrata (Wagner, 1989; Wood et al., 2005) 
and also drift rapidly as bedload transport increases 
(Gibbins et at., 2005). Simuliids, also, are intolerant to 
smothering in agreement with the increased drift 
densities in our impacted reaches (Minshall, 1984; 
Larsen et al., 2009). Our previous study showed that 
taxa sensitive to sedim ents were characterised by 
particular feeding or behavioural traits (S. Larsen and 
S.J. Ormerod, unpubl. data), and this is again consis­
tent with the drift and density data here. For example, 
simuliids are filter-feeders w hose mouthparts can be 
impaired by fine particles (Strand & Merritt, 1997). 
Baetis and Ecdyonurus species are m ostly scrapers in 
which feeding would be quickly impaired on smoth­
ered periphyton even if the short duration of the 
experiment w ill not have altered underlying periph­
yton quality.

Overall, even if the temporal and spatial scale of 
this experiment was limited, the data show  how even  
small increases in fine sediment supply to upland 
streams can reduce benthic density by promoting 
drift. Many temperate river catchments are now  
characterised by land use practices that increase 
sediment delivery to streams, for example through 
the conversion of natural vegetation to pasture and 
the removal of riparian trees. Both appear to increase 
the risks of sediment release in the Usk (Larsen et al., 
2009). Small-scale effects like those observed here 
could, therefore, form part of a larger-scale attrition of 
stream integrity. We suggest that larger, longer-term  
experiments would be a valuable means of assessing 
this possibility.
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ABSTRACT

Fine sediment in streams and rivers is one of the most globally widespread of all freshwater pollutants. However, the ecological 
implications are still poorly quantified, and field experiments to assess likely functional and structural effects are scarce.

We assessed the response of stream invertebrates to fine sediment (i.e. inert sand) added to trays (n — 65) containing otherwise 
natural substrata over a three-week period in three replicate streams in the Usk catchment, Wales.

Sediment addition to 0.6-18 kg m-2 affected both the structure and functional composition of invertebrate assemblages while also 
reducing overall abundance and in some common species (Baetis rhodani, Ecdyonurus sp. and Leuctra geniculata).

Sediment also reduced richness and overall trait diversity (TD), while different life-history traits were either favoured (polivoltin- 
ism, tegumental respiration and burrowing behaviour) or disfavoured (swimmers, attached taxa, gill respiration). Moreover, sediments 
appeared to promote a nested subset pattern in species composition, with generalists favoured at the expense of specialists either 
through exclusion or impaired colonization. Effects were due largely to the loss of five taxa that contributed to the significant 
nestedness across the sand gradient: B. rhodani, Ecdyonurus sp., Leuctra geniculata, Simuliidae and Ephemerella ignita.

This short-term experiment supports recent surveys in indicating how sedimentation can change the structural and functional 
composition of stream invertebrate assemblages even at low to moderate rates of deposition. In revealing direct effects on trait 
adversity, trait representation and nestedness, the data are also consistent with survey data in indicating that sediments have potentially 
important ramifications for conservation by removing organisms systematically according to life-history features. Copyright ©  2010 
John Wiley & Sons, Ltd.
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INTRODUCTION

The entrainment and deposition of inert fine particles, 
arising from catchment and riparian modification, is one of 
the most widespread of all pollution problems affecting 
freshwaters globally (Davies-Colley el al., 1992; Waters, 
1995; Wood and Armitage, 1997; Angradi, 1999; Broe- 
kenhuizen et al., 2001; Connolly and Pearson, 2007). In 
United States, siltation is the principal source of impairment 
on the basis of stream distance impacted (USEPA 2000), 
while sediment fluxes throughout the world are increasing as 
catchments are progressively modified (Owens e ta l ,  2005). 
Consequent changes in water quality and habitat character 
affect aquatic organisms across all trophic levels through 
mechanisms that include (i) increasing turbidity, reducing 
primary production and available light for visual predators 
(Davies-Colley et al., 1992; Davies-Colley and Smith, 
2001); (ii) changing substratum structure and benthic habitat 
(Schalchli, 1992; Rehg et al., 2005) (iii) filling interstices, 
thus altering hydrological exchange between surface and

♦Correspondence to; S. Larsen, Catchment Research Group, Cardiff Sc hex) I 
of Biosciences, Cardiff University, Museum Avenue, Cardiff CF10 3AX, 
UK. E-mail: Larsens@cardiff.ac.uk

groundwater while decreasing nutrient and oxygen supply to 
the hyporheos and reducing salmonids eggs survival 
(Turnpenny and Williams, 1980; Richards and Bacon, 
1994).

In agricultural catchments, sediments can arise from 
point-sources, such as livestock poaching and bank erosion, 
or from large-scale diffuse release, for example from tillage 
and deforestation (Kreutzweiser et al., 2005; Larsen et al., 
2009). In these cases, increasing sedimentation is often 
associated with wider habitat modifications and other in- 
stream stressors resulting in complex synergistic or 
antagonistic ecological responses (Townsend et al., 2008). 
For example, nutrients, pesticides and altered hydraulic and 
thermal regimes can potentially mask or exacerbate 
biological effects o f sediments. Global climate change is 
also likely to modify precipitation and hydrologic regimes, 
therefore, altering soil erosion rates and sediment transport 
(Wilby et al., 1997). Under all these circumstances, 
improved quantification of the ecological effects of 
sediments and improved understanding of the underlying 
mechanisms is a major requirement.

In the river Usk system, a temperate river system in Wales 
(UK), recent surveys have shown how localized sediment

Copyright ©  2010 John Wiley & Sons, Ltd.
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delivery and patch-lo-patch variation in sediment deposition 
have been associated with reduced richness and densities of 
sensitive taxa, altered representation of certain life-history 
or behavioural traits, and reduced trait diversity (Larsen 
et al., 2009; Larsen and Ormerod, in press). As is typical 
with large-scale surveys, however, these data were 
correlative rather than providing clear indications of cause 
and effect (Manel et al., 2000). Here, and elsewhere, 
laboratory or field manipulations of sediment character or 
deposition rate offer a method of corroborating such larger- 
scale pattern (Angradi, 1999; Kreutzweiser et a l ,  2005; 
Townsend et a l ,  2008), investigating the possible mechan­
isms involved (Suren et a l ,  2005; Wood et a l ,  2005; 
Molinos and Donohue, 2009) or appraising directly the 
functional responses of impacted organisms (Rabeni et a l ,  
2005; Townsend et a l ,  2008).

In this paper, we describe the results of field experiment in 
the Usk system, replicated at the stream scale, designed to 
mimic the effects of sediment deposition on stream patches. 
We increased the deposition of fine sand in trays filled with 
natural substrata held in situ to investigate effects on 
macroinvertebrate composition, abundance and functional 
characteristics. Based on previous findings from this 
catchment and elsewhere (Angradi, 1999; Doledec et a l,  
2006; Matthaei et al., 2006; Townsend et a l ,  2008; Larsen 
et a l ,  2009), we tested the following predictions:

(i) invertebrate density, diversity and richness should 
decline with increasing sediment deposition;

(ii) the representation of shorter life cycles, smaller sizes, 
tegumental respiration, detrital feeding and burrowing 
traits should be favoured in sediment-rich trays, while 
longer life cycles, larger size, gill respiration, filtering, 
grazing and temporary attachment should be disfa­
voured;

(iii) overall trait diversity should decline with increasing 
sediments.

The experiment also allowed us to test the hypothesis that 
local sedimentation can alter colonization patterns and 
promote nestedness in invertebrate community structure 
(Larsen and Ormerod, in press). Nested subset patterns occur 
where species present in depauperate locations constitute a 
subset of the species in richer locations. In perfectly nested 
systems, rare taxa only occur in the richest site and 
generalists at most sites. While nestedness analysis was 
initially developed as a mean of testing biogeographical 
theories (Atmar and Patterson, 1993; Hecnar et al., 2002), 
applications to conservation and management are increasing 
(Fleishman et a l ,  2007). This is because nested subsets in 
species composition can arise not only from extinction and 
colonization processes over broad spatio-temporal extents, 
but also from human disturbance, habitat alteration and even 
behavioural effects on patch use (Femandez-Juricic, 2002;

Copyright (Q 2010 John Wiley & Sons, Ltd.

Summerville et al., 2002; Hylander et a l ,  2005). We 
examined the possibility that sediment deposition could 
promote a nested subset pattern in species occurrence across 
trays, for example, by impairing colonization by specialist 
and rare taxa during the experiment.

METHODS

Study area

The river Crai, Cynrig and Tarell are three, third-order 
tributaries (3-5  m wide) o f the river Usk, which drain 
sandstone-rich catchments at 250-300 m above sea level 
(National Grid Reference; SN881235, SO048247,
S0009269, respectively). The reaches selected for the 
experiment (c. 30 m) drained a blend of scattered deciduous 
woodland, improved grassland and rough pasture. Each was 
partially shaded by deciduous trees with substrata mainly of 
boulders, cobbles and pebbles and some gravel. Stream 
reaches were chosen for their relative similarity in 
geomorphology, faunal composition and riparian/catchment 
land-use as informed by previous surveys (Larsen et al., 
2009).

Stream waters were relatively clean, well oxygenated and 
rich in carbonates, with pH 7.2-8 and plant nutrients 
generally low (< 2  mg nitrate L "1). In some locations, where 
natural riparian vegetation has been removed and livestock 
have access to the stream banks, erosion has resulted in 
localized release and deposition of relatively coarse 
sediments (Larsen et a l ,  2009). We attempted to recreate 
such patch-scale variation in deposited sediments under 
controlled conditions in situ in the three selected streams.

Experimental design

Following an approach similar to that of Angradi (1999), 
22 plastic trays (18 cm x 12 cm x 5 cm), filled with natural 
substrata collected on site and composed o f gravel, pebble 
and cobble, were deployed in each of the three streams on 
the 19th of July 2008 across a 30 m stretch within glide/run 
habitats with relatively homogeneous flow (c 2 0 -3 0 cm s ”1). 
Each filled tray weighed c. 2kg and was positioned in the 
stream bed so that the substratum surface in the tray was 
flush with the stream bed. In each stream, immediately after 
installation, trays were either covered with 1 kg of clean, 
childrens’ play-sand (33% in weight, ore. 40kg m”2; n =  6), 
with 2 kg of sand (50% in weight, or c. 80 kg m~2; n =  6) or 
left as controls (no sand added; n =  6). An open metal box 
was fitted around each treated tray to momentarily stop the 
flow prior to sand addition. To avoid excessive loss of sand, 
the sides of the trays were solid. Additionally, to maintain 
the intended sediment concentration over the experimental 
period and to simulate sediment re-supply, four additional
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trays in each stream were covered with 1 kg of sand on two 
occasions; at the beginning of the experiment and then again 
after a week, thus receiving 2 kg in total. Size distribution of 
sand used here (0.2-1 mm) was similar to natural occurring 
sediments in the catchment (Larsen et al., 2009).

Trays were left in the streams for 19 days, with this 
interval determined by the risk and impact of high-flow 
events during this abnormally wet summer. Water velocity 
and depth immediately in front of each tray was monitored 
every 3 days for the duration of the experiment, while water 
temperature, conductivity and pH were also measured on 
three occasions. Although the experiment covered a 
relatively short period, associated work showed that 
sediment effects on stream invertebrates in the Usk and 
elsewhere can develop even within 2 4 h (Culp et al., 1985; 
Suren and Jowett, 2001; Gibbins et al., 2007; Larsen and 
Ormerod, in press). Moreover, a longer colonization period 
would have decreased the sediment gradient towards 
ambient conditions.

Trays were eventually retrieved paying attention not to lose 
any invertebrates or organic detritus by covering them with a 
net at the time of collection (mesh 0.2 mm). In addition, two 
pooled Surber samples (0.09 m2; 0.44 mm) were taken at the 
time of tray collection to assess how closely assemblages in 
trays represented the faunal composition in each stream. The 
contents of each tray and Surber sample were sorted in 
the laboratory where invertebrates were separated from coarse 
particulate organic matter (CPOM), which was then dried and 
weighed. A sieve of 0.2 mm was used to retain the fine 
sediment fraction which was also dried and weighed to assess 
how closely sediment additions had produced the intended 
sediment cover. Invertebrates were identified, where practic­
able, to species.

Data analysis

Because background sediment accumulation in each tray 
would cause variations relative to the nominal additions, we 
used the exact mass of sand per-unit-area of tray substrate as 
a continuous variable to express sediment effects on the 
invertebrates. Data from all the three streams were combined 
in analysis in order to maximize sample size and decrease 
the risk that species occurred in individual trays by chance.

Prior to any further analysis, we used detrended 
correspondence analysis to parameterize variations in 
invertebrate assemblages among sample Detrended Corre­
spondence Analysis (DCA; Hill and Gauch, 1980). This 
ordination technique arranges samples with similar com­
position onto orthogonal axes that can be used in subsequent 
analyses. Preliminary investigation showed that species 
responded unimodally to sediment cover rather than 
rectilinearly suggesting that this technique was appropriate 
(Jongman et al., 1995). After removing taxa that did not
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occur in all four streams, 18 were included in the ordination. 
Arithmetic and transformed abundances gave near-identical 
ordination results, and only analyses based on arithmetic 
abundances are presented.

To assess treatment effects on the taxonomic richness, 
diversity, individual abundances and community compo­
sition (i.e. sample ordination scores) of invertebrate, we used 
mixed-effects models, where stream identity was included 
as a random factor in analysis, while fine sediments and 
CPOM were considered fixed factors. Mixed models are 
appropriate for the data, providing flexibility in representing 
the covariance structure induced by data grouping (Pinheiro 
and Bates, 2000). In other words, the analysis takes into 
account the difference in species composition and biological 
response to treatment among the streams. We also assessed 
the influence of water flow on sediment levels, and measured 
the correlation between sediment and CPOM in trays.

Similarity in taxonomic composition among trays and 
adjacent Surber samples was assessed using the Bray-Curtis 
similarity index. Specifically, we plotted the similarity 
between control trays and treated trays, and between all trays 
and Surber samples, against sediment content. To allow 
direct comparison of richness between control trays and 
Surbers, we used EcoSim simulation software (Gotelli and 
Entsminger, 1997) to rarefy Surbers richness based on the 
average abundance in control trays.

To describe communities according to their functional 
trait representation, we defined 48 categories of 11 life- 
history and behavioural traits using available information 
(Richoux, 1994; Tachet et al., 1994; Usseglio-Polatera, 
1994; Usseglio-Polatera and Tachet, 1994; Tachet et a l ,
2000). The affinity o f each taxon for each trait category was 
described using fuzzy coding (Chevenet et al., 1994). 
Information on trait coding was available only at the genus 
level, so we used this level o f identification for all trait 
analysis. Each taxon was given an affinity score that ranged 
between 0 (no affinity) and 3, or 0 and 5 depending on the 
number of categories within each trait. When no exact 
information was available for a given taxon for a given trait, 
an affinity of 0 was applied so that the taxon was treated as 
though it had the average profile o f the corresponding trait 
(Doledec et al., 1999). Affinity scores were rescaled as 
proportions (sum =  1) for each taxon, thus, representing the 
probability that any taxon belonged to a particular category. 
For each site, the resulting species x trait-category matrix 
was multiplied by the site x species-abundance matrix to 
give a site x trait abundance matrix. The abundance- 
weighted trait matrix were then defined as a frequency 
distribution of categories for each trait (Doledec et al., 2000; 
Archaimbault et a l ,  2005). Fuzzy correspondence analysis 
(FCA) was used on the trait matrix to obtain scores of each 
tray based on overall trait composition (Chevenet et a l ,  
1994). The scores were then used to assess if sediment
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affected overall trait representation again using mixed 
modelling. Trait diversity in each tray was calculated as the 
average Simpson diversity (S) across all categories within 
each trait

TD =  S =  1 -  Di, where D ,=  Q ) "

with Di =  dominance index of trait r, nj =  relative abundance 
of trait category j \  N  — total abundance of all trait categories. 
The average of S across all traits was calculated to reduce 
lack of independence among traits (e.g. Beche and Resh, 
2007).

To assess if specific traits varied with sediment content, 
the proportion of trait categories describing maximal size, 
life cycles, numbers of generations per year, respiration, 
feeding and locomotion were analysed using mixed effect 
models as before. Proportions were arcsin yjx  transformed 
before analysis to homogenize variances. For this particular 
test on trait categories, we corrected a  values (=0 .05)  
by dividing them by the number of categories within each 
trait (e.g. if a given trait has live categories, for significance 
a  =  0.01; Beche et a l , 2006).

Nestedness across sites was calculated using the binary- 
matrix nestedness temperature calculator (BINMATNEST; 
Rodriguez-Girones and Santamaria, 2006), which is a recent 
improvement of the nested-temperature method of Atmar 
and Patterson (1993) in that it uses a more robust algorithm 
for matrix packing. The temperature method was chosen as 
it is relatively insensitive to matrix size and correlates well 
with other existing metrics (Wright et al., 1998). Working on 
the species presence/absence matrix, BINMATNEST re­
orders rows and columns maximizing matrix nestedness and 
then calculates a temperature (ranging over 0 -100C ), 
which reflects the matrix deviation from an ideal nested 
structure; perfectly nested matrices with rare taxa in rich 
locations have T =  0°C while totally random matrices have 
T =  100°C. The temperatures o f 400 simulated matrices 
using Monte Carlo randomization were used to calculate the 
statistical significance of the observed temperature against 
chance expectation. In the matrix simulations, we used the 
more conservative null-model III where the probability of a 
cell being occupied equals the average probabilities of 
occupancy of its row and column. This model is particularly 
reliable as it is less sensitive to species richness and 
occurrences (Rodriguez-Girones and Santamaria, 2006). 
The order with which the maximally packed matrix is sorted 
can then be compared with independent correlated to assess 
the likely drivers of nestedness. We used Spearman-rank 
correlation to evaluate the influence of sediment levels on 
the nested patterns o f communities in trays (see Schouten 
et al., 2007; Heino et a l ,  2009 for a similar approach).

To examine which taxa contributed significantly to the 
overall nestedness we used the Mann-Whitney test on
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individual taxa. This is a two group test where presences (1) 
and absences (0) constitute the groups in the presence- 
absence matrix. For each taxon, the test gives the probability 
that the observed sequence of presences and absences differs 
from a random one (i.e. conforms to a nested pattern). To test 
specifically whether sediment treatment promoted ‘nested­
ness’ o f individual taxa we first sorted the presence-absence 
matrix by increasing sediments. In this case, a perfectly 
‘nested’ species would have no presences ( ‘1’) after the first 
absence ( ‘0 ’) along the sediment gradient. This approach has 
been used by Fernandez-Juricic (2002), Hecnar et al. (2002) 
and Summerville et al. (2002). Although this method 
assesses the ‘nestedness’ o f individual taxa and it is useful to 
appraise specific contribution to the formation of nested 
subset patterns, real nestedness remains a property of 
assemblages since, by definition, it has a multi-species basis.

RESULTS

Physical conditions

Throughout the experiment, average current velocity in 
the steams ranged between 7 and 2 6 cm s~ l across trays, 
with water depths 6-18 cm. Average conductivity was c. 
140|xscm -1 , pH c. 7.5, and stream temperature 14.5- 
17°C.Nitrate concentrations were similar across streams, 
averaging 1.3m gL_1, while phosphates were very low (c. 
0.01 mg L"1).

Upon retrieval, fine sediments accumulation in the trays 
ranged over 13-414g (c 0 .6 -1 8 kgm -2 ), or c. 1-23% in 
proportional weight. In the untreated control trays (ambient 
substratum mixture), sediment weight ranged over 13-66g  
(mean =  50 g ±  13 SD). One tray was lost so the final sample 
size was 65 trays. There was a tendency for lower sediment 
retention with increasing current velocity, but this trend was 
only marginally significant (p  =  0.07). Compared to 
controls, CPOM content decreased by about 70% in the 
most sediment-affected trays (slope =  -0 .006; p  =  0.007; 
Figure 1).

Invertebrate structure

Among the 34 taxa collected, Baetis rhodani, Ecdyonurus 
sp., Leuctra moselyi, Ephemerella ignita and Chironomidae 
were the most common. Taxon richness ranged between 4 
and 14 (mean =  7 ±  2.16 SD) across trays, while abundances 
were 7-111 individuals per tray.

Mixed models showed that abundances and taxon richness 
were affected negatively by fine sediments, but not 
taxonomic diversity (Simpson index; Table I; Figure 2). 
Among individual taxa, the abundances of B. rhodani, 
Ecdyonurus sp., Leuctra geniculata, and Gamtnarus pulex 
were all affected by sediments (Table I).
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Figure 1. Relationship between CPOM (g/tray) and fine sediments in trays 
across the three replicate streams in the Usk catchment, Wales. Samples are 
grouped by stream; Cr =  Crai; Cy = Cynrig; Ta = Tarell. Coefficients are 
based on mixed-effects model with streams as random factors. Experimental 

trays are shown with black symbols, and controls in grey

In community assessment, two DCA axes explained c. 
50% of species variation across trays, with both axes 
showing significant relationships with sediment amount 
(Table I and Figure 3). Most species in the ordination 
appeared to prefer sediment-free conditions, being located 
mostly in the upper right quadrant of the factorial plane 
(Figure 3). Taxa apparently more common in sediment rich 
trays included chironomids, dytiscids and the mayfly 
Habrophlebia fusca. In contrast, the amount of CPOM in

Table I. The results of mixed-effects models showing the response 
o f macroinvertebrate community variables and individual abun­
dance to experimental sediment addition in the Usk catchment, 
Wales. Percentage change in each variable over the range of 
sediments accumulated is also shown

Response variable Slope % change P

Richness -0 .1 1 -30% 0.001
EPT richness -0 .1 2 -46% <0.0001
Abundance 2.6 90% <0.0001
DCA axis 1 0.03 <0.0001
DCA axis 2 -0 .0 3 0.0004
Baetis rhodani -0 .0 1 8 -42% 0.003
Ephemerella ignita -0 .0 1 4 -59% 0.018
Ecdyonurus sp. -0 .0 2 1 -71% <0.0001
Leuctra moselyi -0 .0 1 6 -48% 0.011
Leuctra geniculata -0 .0 1 7 -90% 0.002
Cammarus pulex -0 .0 4 -70% <0.0001
Trait diversity -0 .0 0 0 3 -24% 0.001
FCA axis 1 0.016 <0.0001
FCA axis 2 -0 .0 1 2 0.0004

Notes;
1. N — 65\ d.f=61.
2. Study streams (3) were included as random factors. Only significant 
models are shown.
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Figure 2. Relationship between taxon richness fa) and abundance (b) and 
fine sediment content in trays across the three replicate streams in the Usk 
catchment, Wales. Details as in Figure 1; experimental trays are shown with 

black symbols, and controls in grey

trays appeared to have no significant effects on species 
composition (DCA axes), richness or the abundance of 
individual taxa, implying that sediment affects were direct 
rather than being mediated through effects on organic 
detritus.

Comparison between Surber samples and control trays 
revealed some di fferences, and in particular average rarefied 
richness in Surber samples was 12-15 taxa, while the 
average richness in control trays was eight. Hydropsyche 
siltalai, H. instabilis, Rilhroge.ua semicolorata, Rhyacophila 
obliterata, Halesus sp., Perla bipunctala, Tipulidae, 
Dytiscidae and Oreodytes sanmarchii were exclusive to 
Surber samples. Despite having reduced richness, 70% (i.e. 
21) of the 30 taxa collected by Surber samplers were also 
present in control trays. Interestingly five taxa collected in 
control trays were not observed in Surbers: Habrophlebia 
fusca, Odontocerum albicorne, Melampophylax mucoreus, 
Silo pallipes and Psychodidae. With the exception of the first 
two, these were rare taxa, with only one occurrence in 
control trays.
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Figure 3. Plot of taxa collected during the experiment on the first DCA 
plane. Only taxa occurring more than four times were included. Arrow 
represents increasing fine sediments as reflected by correlation with both 
axes. Variation in species composition explained by each axis is reported in 

parenthesis

Average Bray-Curtis Similarity between Surber samples 
and trays (control +  treatment) declined significantly with 
increasing sediment content, with control trays distinctively 
more similar to Surbers (Figure 4). Sediment addition also 
reduced the average similarity between treatment trays and 
controls (Figure 4).

Functional response

The first factorial plane o f the FCA explained >74% of 
the variation in biological traits across sites. Both axes were 
significantly related to fine sediment amount in trays 
implying that overall trait representation was affected by 
sediment addition (Table I).

Further effect of sediments on the trait structure was 
evident from the significant decline in overall trait diversity 
with increasing sediments (Table I). In other words, trays 
impacted by sand hosted a poorer array of reproductive, 
feeding and locomotion traits compared to controls. Mixed 
models showed that several trait categories responded to 
sediments (Table II). In particular, taxa characterized by 
shorter life cycles, detrital feeding and burrowing were all
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Figure 4. (a) Plot showing average similarity between trays (control +  
treatment) and Surber samples in relation to fine sediment content during an 
experiment involving sediment addition to three streams in the Usk catch­
ment, Wales. Control trays are in grey, and experimental trays in black, (b) 
Average similarity of treated trays to control trays in relation to fine 

sediment content. Parameters are based on mixed-effects model

represented more in sediment-rich trays, while ovovivipar- 
ity, gill respiration, and temporarily attached taxa were 
disfavoured. There was no effect on the representation of 
different body sizes and number of generations per year.

Except for a proportional increase in shredder repres­
entation with increasing coarse organic matter (p  =  0.016; 
not significant after correction based on number of 
categories), no effect o f CPOM on trait representation 
was observed.

Nested subset pattern

Across the experimental trays, macroinvertebrale com­
munities were significantly nested (7 = 1 6 .4 ;  p < 0.001). 
Site ranking in the maximally-packed species-matrix (i.e. 
the matrix ordered by BINMATNEST to maximize 
nestedness) was significantly correlated with sediment
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Table II. The results o f mixed effects models showing how the 
representation of individual trait category responded to experimen­
tal sediment addition in the Usk catchment, Wales. Percentage 
change over the range o f accumulated sediment is also shown. 
Conventions as in Table I

Trait Category Slope % change p

Life-cycle duration <1 year 0.47 + 2 0  0.001
Reproduction ovoviviparity —1.01 —70 <0.001

Clutches, free 0.7 +80  <0.001
Food Detritus >  1mm 0.4 + 4 0  <0.001
Respiration Tegument 0.32 + 24  0.012

Gill - 0 .4  - 1 6  -0 .0 0 5
Locomotion Full swimmers -0 .5 2  - 2 6  <0.001

Interstitial 0.13 + 1 4  0.008
Burrower 0.41 + 5 0  <0.001
Temporarily —0.14 —24 0.008
attached

ranking across trays. In other words, there was a progressive 
loss o f taxa with increasing sediment accumulation so that 
only common species persisted. The Mann-Whitney test 
showed that five taxa contributed to the significant 
nestedness along the sedimentation gradient (Table III): 
B. rhodani, Ecdyonurus sp., Leuctra geniculala, simuliids 
and, to a lesser extent, Ephemerella ignita, all decreased in 
frequency of occurrence with sedimentation more than 
would be expected by chance to create the nested pattern.

Table III. Mann-Whitney U test (z-scores) showing ‘nestedness1’ 
of individual taxa along the sediment gradient induced experimen­
tally in three streams in the Usk catchment, Wales. See Methods for 
further details

Taxon z-score P

Baetis rhodani -3 .19 o .oor
Baetis scambus -0 .85 0.20
Ephemerella ignita -1 .68 0.04*
Ecdyonurus sp. -2 .86 0.002*
Habrophlebia fusca -0 .05 0.48
Ixuictra moselyi 0.6 0.27
Leuctra geniculata -2 .27 0.01*
Drusus annulatus -1 .13 0.13
Sericostoma personatum -1 .2 0.11
Odontocerum albicorne -0 .84 0.20
Simuliidae -2 .42 0.007*
Chironomidae -1 .6 0.06
Elims aenea -0 .92 0.18
Esolus parallelepipedus -0.81 0.20
Limnius volckmari -0 .92 0.18
Dytiscidae -1 .14 0.13
Oligochaetes -0 .84 0.20
Gammarus pulex -0.11 0.45

*p < 0.05: only taxa included in the ordination are shown
'This test assesses whether the sequence of taxon presence/absence along
the sediment gradient conformed to a nested distribution pattern.

DISCUSSION

These experimental data confirm that even low to moderate 
amounts of sediment can alter the patch-scale richness, 
abundance, community composition, trait diversity and trait 
composition of invertebrates (Cardillo et al., 2005; Downes 
et al., 2005; Rabeni et al., 2005; Suren etal., 2005; Connolly 
and Pearson, 2007; Townsend et al., 2008; Molinos and 
Donohue, 2009). In this experiment feeding, attachment, 
respiration and life-cycle traits all appeared to increase 
species’ sensitivity to sediment addition. As with all 
experimental manipulations in ecology, there are some 
limitations in our approach, related mostly to the small-scale 
and short-term nature of the experiment. In large part, 
however, the data are consistent with other large-scale 
surveys and experiments in indicating how sediments can 
change benthic invertebrate assemblages. In particular, the 
results mirrored the effects of patch-scale (c. 1 m2) variation 
in deposited sediments on invertebrates in the same 
catchments (Larsen et al., 2009). We expand on these 
points in the discussion that follows.

Ecological experiments at small spatio-temporal scales 
are often used to investigate the mechanisms involved in 
larger-scale phenomena. However, care is needed in scaling- 
up biological responses to larger-scale patterns. Both the 
duration of the experiment and size o f our sample units were 
particularly small, so that limited colonization time, patch- 
scale variability in invertebrate distribution, species-area 
effects, edge effects, local hydraulics, representativeness 
and chance could all limit realism (Angradi, 1999). The 
clearest evidence for the restricted realism of our experiment 
came from differences in invertebrate composition between 
the Surber samples and trays, with species such as 
Hydropsiche siltalai, H. instabilis, Perla bipunctata and 
Simuliidae absent or underrepresented in the experimental 
tray units. As observed by Angradi (1999), their absence 
may be linked to the absence of larger, stable substrata (e.g. 
boulders) in trays that are used by some of these taxa for 
anchorage or refuge (e.g. Hyrdopsychidae, Simuliidae). 
Species are also inherently variable in their ability to 
colonize newly created conditions— in this case those 
represented by introduced substrates (Boothroyd and Dickie, 
1991; Olomukoro and Okologume, 2008). In addition to 
limits imposed by drift propensity among species, the 
enclosed nature o f the trays could have altered interstitial 
flow and interstitial colonization routes. Notwithstanding 
such effects, the fact that trays held 70% of the 30 taxa 
collected by Surber samplers illustrates that they represented 
benthic assemblages reasonably well. Moreover, progressive 
dissimilarity between manipulated trays and controls or 
Surber samples with increasing sediment deposition shows 
that any limits on tray colonization did not mask sediment 
effects. Previous works on drift and changes in density in the
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Usk and other catchments show that these effects can be 
generated very rapidly, and even within 24 h (Bond and 
Downes, 2003; Suren et a l ,  2005; Gibbins et al., 2007; 
Larsen et al., 2009).

A further positive feature of our experimental approach is 
that it allowed relatively high power through replication 
within streams, and also replication at the stream scale. With 
this design, sediment addition clearly altered invertebrate 
assemblage composition, abundance and functional struc­
ture. Most of the observed responses were in-line with 
findings from previous surveys and experiments in the same 
catchment and elsewhere, thus reinforcing the validity and 
generalization of our results. The observed decline in overall 
macroinvertebrates richness with increasing fine sediments 
likely reflects the negative effect on Ephemeroptera, 
Plecoptera and Trichoptera (EPT), which are among the 
dominant taxa in the Usk system, and are reported to be 
sensitive to fine sediments: a linear decline o f EPT taxon 
richness with increasing sediment cover has been observed 
frequently both in experimental studies (Angradi, 1999; 
Matthaei et al., 2006) and in larger scale surveys (Zweig and 
Rabeni, 2001; Kaller and Hartman, 2004; Townsend et al., 
2008; Larsen eta l., 2009; Pollard and Yuan, 2009). Contrary 
to some studies (e.g. Lenat el al., 1981), deposited sediments 
did not affect diversi ty indices of benthic communities in our 
trays possibly because the loss of rarer taxa at greater 
sediment cover led to fewer taxa that were more evenly 
distributed among individuals. This is a well recognized 
difficulty in interpreting diversity indices as opposed to 
richness.

Sediment treatments also reduced dramatically overall 
invertebrate abundance by up to 90% with six common taxa 
significantly affected at effect sizes of c. 40-90%. While this 
effects probably reflected reduced interstitial space (Bo 
et al., 2007), it is possible that a longer-term experiment 
would have allowed invertebrates composition to adjust to 
the sediment conditions and even result in increased density 
of tolerant taxa (Lenat et al., 1981). In grassland sites similar 
to those used here, the lower abundance we observed is 
consistent with previous data (Larsen et al., 2009). Among 
the taxa affected, the mayflies Baetis rhodani and 
Ecdyonurus sp. are both grazers reportedly intolerant of 
sediment deposition (Rabeni et al., 2005) and Ecdyonurus is 
also a clinger requiring clean interstitial spaces to maintain 
position in the substratum (Rabeni et al., 2005; Pollard and 
Yuan, 2009). Leuctra geniculata appeared to be relatively 
sediment-intolerant in previous surveys and the abundance 
of both L. geniculata and L. moselyi was affected by a short­
term experimental sediment addition in nearby streams 
(Larsen and Ormerod, in press). The amphipod Gammarus 
pulex was also negatively affected by sediment addition, 
although this trend was mostly due to one stream (Cynrig) 
where Gammarus dominated tray assemblages. Waters and
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Hokenstrom (1980) also reported reduced biomass of 
Gammarus in a small tributary of the upper Mississippi 
River after severe siltation.

In addition to changes in density and richness, we expected 
from previous findings that organisms with certain life-history 
traits would be affected by sediments (e.g. Rabeni and Smale, 
1995; Doledec et a l ,  2006; Townsend et a l ,  2008). Typically, 
the representation of filter feeders and K-selected (i.e. larger, 
long-lived) taxa is affected negatively by fine-sediment 
deposition. Filterers are intolerant to sediments because 
fine particles impair filtering devices (Lemly, 1982), while 
K-selected taxa could be excluded by the unstable and 
transient environments that occur in fine sediments (Richards 
et al., 1997; Townsend and Thompson, 2007). The reduced 
representation in the experimental trays o f Hydropsychidae, 
Simuliidae and large stoneflies (e.g. Perla), prevented us from 
formally testing these hypotheses. Nevertheless, overall trait 
diversity declined with increasing sediment cover, and other 
life-history or behavioural traits responded as predicted to 
treatment. The observed reduction o f invertebrate trait 
diversity with increasing fine sediments is in line with 
findings from previous surveys and reflects the specific 
selection (or filtering) o f taxa according to their functional 
traits.

Evidence is increasingly clear that anthropogenic effects 
(e.g. land-use) can reduce functional diversity in ecological 
communities (Charvet et al., 2000; Houghton, 2007; 
Schweiger et al., 2007; Flynn et al., 2009) Across the 
experimental trays in this study, the representation of shorter 
life cycles, burrowers, fine detritus feeders and tegumental 
respiration all increased with fine sediments. These traits 
reflect some adaptation to habitats dominated by fine 
substrata, and the taxa which possess them can be favoured 
in sediment-rich environments (Rabeni et al., 2005; Doledec 
et al., 2006; Townsend et a l ,  2008). Groups with these traits 
in our experiment included chironomids, oligochaetes and, 
to a lesser extent, the trichopterans Odontocerum albicorne 
and Sericostoma personatum. Reproduction via free egg- 
clutches also appeared to be favoured by sedimentation, 
mostly due to the proportional increase of chironomids with 
increasing sediments. Similarly, reduced representation of 
ovoviviparity with sediment accumulation reflected negative 
effects on Gammarus, as no other taxon possessed this 
particular trait. Conversely, the decline in gill respiration, 
swimmers and taxa requiring attachment to the substratum 
appeared to be more community wide, consistent with 
previous observations (e.g. Townsend et a l ,  2008). 
Organisms relying on gill respiration are particularly 
sensitive to fine particles that can impair their delicate 
respiratory structures (Lemly, 1982). In this instance, 
negative effects reflect the three common mayflies, 
B. rhodani, Ecdyonurus sp. and E. ignita. Also, particle- 
free surfaces are needed for those taxa requiring temporary
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attachment to the substratum and this could explain why 
simuliids colonized only untreated trays.

The consequences o f alterations caused by sediments to 
the composition and diversity of trait representation in 
stream communities, for example for ecosystem function, 
are still poorly understood. This is also true of changes in the 
pattern of nestedness among stream species, where rarer taxa 
are lost in some locations where only commoner taxa persist. 
In this small-scale experiment, simuliids, B. rhodani, 
Ecdyonurus sp. and L. geniculata all contributed to the 
significant nestedness in species occurrences with increasing 
sedimentation. In other words, these taxa were absent more 
than expected by chance. Further evidence that experimental 
treatment promoted nestedness came from the significant 
rank-correlation between nestedness order of the presence/ 
absence matrix (as calculated by BINMATNEST algorithm) 
and the amount of sediment in each tray. As with many other 
of the results from our experiment, similar patterns of 
nestedness have been shown at sediment-rich sites over 
larger areas (Larsen and Ormerod, in press), and it seems 
that trait-mediated sensitivity to sediments causes a non- 
random colonization— extinction pattern that transcends 
scale to cause a nested subset pattern in species composition. 
This is also consistent with the nested habitats hypothesis 
(Hylander et al.; 2005), where the sediment gradient could 
reflect changing heterogeneity or complexity where sedi­
ment-free trays or sites harboured a wider range of micro­
habitats (and thus a wider range o f species from the available 
pool) than did sediment-impacted trays or locations. These 
results also suggest that nestedness can derive not only from 
large scale biogeographical processes, but also from 
variations in habitat quality and impairment (Femandez- 
Juricic, 2002; Hylander et al., 2005). Elsewhere, we have 
considered that alterations in both trait composition and 
nestedness caused by sediments may well have ramifications 
for conservation, by selectively removing not only key 
invertebrate traits and organism types, but also by changing 
the organization of assemblages (Larsen and Ormerod, 
in press): if sediment impacted location can support only a 
subset of pre-adapted generalist species, increasing sedi­
mentation worldwide could lead to the selective loss of 
certain species types. This possibility requires wider 
examination.
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