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• Sediment impact detection using appro-
priate bioassessment metrics is challeng-
ing.

• Mesocosm and field observations were
used to assess the relationship between
metrics.

• % EPT abundance and richness metrics
were negatively correlated with surface
cover.

• Inclusion of biotic and sediment metrics
in fluvial monitoring would be beneficial
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Anongoing research challenge is the detection of biological responses to elevated sediment and the identification
of sediment-specific bioassessment metrics to evaluate these biological responses. Laboratory mesocosms and
field observations in rivers in Ireland were used to evaluate the relationship between a range of biological and
sediment metrics and to assess which biological metrics were best at discerning the effects of excess sediment
on macroinvertebrates. Results from the mesocosm study indicated a marked decrease in the abundance of
sensitive taxa with increasing sediment surface cover. % EPT (Ephemeroptera, Plecoptera, Trichoptera) and % E
abundances exhibited the strongest negative correlation with sediment surface cover in the mesocosm study.
The field study revealed that % EPT abundance was most closely correlated with % sediment surface cover,
explaining 13% of the variance in the biologicalmetric. Both studies revealedweaker relationshipswith a number
of other taxonomy-based metrics including total taxon abundance, total taxon richness and moderate relation-
ships with the Proportion of Sediment-sensitive Invertebrates metric (PSI). All trait-based metrics were poorly
correlated with sediment surface cover in the field study. In terms of sediment metrics, % surface cover was
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more closely related to biologicalmetrics than either re-suspendable sediment or turbidity. These results indicate
that % sediment surface cover and % EPT abundance may be useful metrics for assessing the effect of excessive
sediment on macroinvertebrates. However, EPT metrics may not be specific to sediment impact and therefore
when applied to rivers with multiple pressures should be combined with observations on sediment cover.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Fine sediment is a vital element in freshwater systems and impor-
tant to nutrient cycling, substrate composition and heterogeneity, all
of which play a part in regulating the micro-environmental conditions
in which macroinvertebrates reside (Rabeni and Minshall, 1977;
Minshall, 1988; Richards et al., 1997; Wood and Armitage, 1997;
Owens et al., 2005). Excessive fine sedimentation, however, may alter
substrate composition, increase habitat homogeneity and is considered
to be a major ecosystem stressor leading to ecological impairment
(Rabení et al., 2005; Wood et al., 2005; Niyogi et al., 2007; Bryce et al.,
2010). A suite of impacts including the clogging of substrate interstices,
smothering of habitats and reduction in habitat stability (Wood and
Armitage, 1997; Bilotta and Brazier, 2008; Jones et al., 2012) may
cause significant environmental degradation and, in extreme cases,
lead to a significant deviation from ‘reference conditions’ (Bilotta and
Brazier, 2008).

A number of research strategies, such as field surveys, stream-side
experiments and/or laboratory experiments (mesocosms) may help to
detect ecological responses to, and differentiate between natural and an-
thropogenic stressors. (Robinson and Uehlinger, 2008; Townsend et al.,
2008; Wagenhoff et al., 2012). Combining different research strategies,
each with their own specific strengths and weaknesses, may also help
to tease out the effects of confounding factors, e.g. multiple stressors
and flow variations (Robinson and Uehlinger, 2008; Townsend et al.,
2008; Wagenhoff et al., 2012). Using mesocosms allows for the isolation
and direct manipulation of stressors while minimising confounding fac-
tors (Suren and Jowett, 2001; Connolly and Pearson, 2007; Wagenhoff
et al., 2012; O'Callaghan et al., 2015; Piggott et al., 2015). However, the
extrapolation of findings frommesocosm studies to whole river systems
should be undertaken with caution due, in part, to differences in spatial
and temporal scales (Townsend et al., 2008; Sandin and Solimini,
2009). While field surveys best represent natural conditions, they may
be influenced by a range of co-varying drivers which may mask or exac-
erbate biological responses (Robinson and Minshall, 1986; Larsen et al.,
2009; Matthaei et al., 2010; Robinson et al., 2011; Wagenhoff et al.,
2011; Burdon et al., 2013; Glendell et al., 2014; Turley et al., 2014).

An array of biological metrics have been developed to detect the im-
pact of specific environmental stressors such as nutrients, acidification,
flow and habitat loss (Hilsenhoff, 1987; Hawkes, 1998; Extence et al.,
1999; Davy-Bowker et al., 2005; Dunbar et al., 2010). In contrast, relative-
ly few metrics have been specifically developed to detect the effects of
sedimentation on macroinvertebrates (Relyea et al., 2000; Zweig and
Rabení, 2001; Bryce et al., 2010), and the lack of a standardised bioassess-
ment method to detect the impacts of fine sediment deposition makes
inter-study comparisons problematic (Clews and Ormerod, 2009). Re-
cently, Extence et al. (2013) developed a sediment-sensitive macroinver-
tebratemetric, Proportion of Sediment-sensitive Invertebrtes (PSI), based
on expert review of existing literature and an assessment of biological
traits to assign taxa to one of four sensitivity groups while Murphy et al.
(2015) developed a combined fine sediment metric (CoFSIsp) based on
two sub-indices which captures macroinvertebrate responses to organic
sediment in erosional zones (oFSIsp) and to total fine sediment in depo-
sitional zones (ToFSIsp).

Conserving and protecting aquatic systems is of huge importance for
environmental sustainability, but also politically and in terms of public
perception (Strayer, 2006). Macroinvertebrates are key water quality
indicators in many bioassessment programmes (e.g. Bonada et al.,
2006) and their sensitivity to pollutants, including fine sediment,
make them ideal organisms for assessing water quality (Rosenberg
and Resh, 1993; Bonada et al., 2006). It is clear from previous studies
that EPT taxa are sensitive to elevated sediment, but the mechanisms
causing the responses are not well elucidated and thus a wide range
of mechanisms have been proposed to explain observed changes in
community structure (Zweig and Rabení, 2001; Niyogi et al., 2007;
Bryce et al., 2010; Wagenhoff et al., 2011; Sutherland et al., 2012;
Burdon et al., 2013). For example, ephemeropteran taxa can be impact-
ed by sedimentation in a number ofways. Smothering of the periphyton
by sediment can lead to impaired scraper feeding (Larsen and Ormerod,
2010). The grazer/clinger Ecdyonurus sp., requires clean interstices so as
to maintain position in the substrate and the grazer Baetis rhodani have
been shown to generally avoid fine substrates (Rabení et al., 2005;
Wood et al., 2005; Larsen and Ormerod, 2010; Pollard and Yuan,
2010). Fine particles can also impair the gill respiring mechanisms of
these two taxa (Lemly, 1982). In contrast, others have found positive re-
lationships between sedimentation and baetidmayflies (Angradi, 1999;
Sutherland et al., 2012). Taxa from some trichopteran families have also
been shown to benegatively impacted by sediment (Larsen et al., 2009).
The preferred habitat of hydropsychids is fast flowing, sediment-free
habitats as sediment can interfere with the feeding nets of this taxon
(Strand andMerritt, 1997). In contrast, a number of Limnephilidae (Tri-
choptera) and Caenidae (Ephemeroptera) taxa are known to be less
sensitive to fine sediment (Turley et al., 2014). Clearly, a current re-
search challenge is the detection of biological responses to elevated
fine sediment and identification of sediment-specific bioassessment
metrics. Furthermore, while many of the biological impacts of sedimen-
tation are linked to sediment deposition, current guidelines, based on
suspended sediment concentration as set out in the recently repealed
Freshwater Fisheries Directive (78/659/EEC), may not be appropriate
to protect ecological status (Cooper et al., 2008: Kefford et al., 2010;
Bilotta et al., 2012; Jones et al., 2012).

The present study explores how a number of commonly used mac-
roinvertebrate taxonomy- and trait-basedmetrics respond to measures
of deposited sediment using both mesocosm laboratory channels and a
field study, with the latter representingmore realistic conditions. Three
sediment metrics, % sediment surface cover, re-suspendable sediment
and turbidity, which gave accurate estimates of deposited sediment
levels (Conroy et al., 2016a, 2016b) were assessed together with a
range of biological metrics to establish which were the most appropri-
ate in detecting sediment effects. In addition, the mesocosms provided
evidence of responses to sediment addition through analysis of macro-
invertebrate drift and of the taxa remaining in the channels at the end of
the experiment. In this regard it was hypothesised that the channels
with high sediment loads would (i) show increased rates of macroin-
vertebrate drift during the first 24 h and throughout the experiment
and (ii) have decreased abundance of taxa remaining in channel at the
end of the experiment. The field study also assessed temporal variability
in the strength of the associations between biological metrics and
sediment metrics and whether taxonomic resolution, i.e. family versus
species, influenced the strength of the associations. The hypothesis to
be tested was that taxa richness and abundance metrics would be
negatively correlated with % fine sediment surface cover.
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2. Materials and methods

2.1. Mesocosm study

The experimental design consisted of eight levels of deposited fine
sediment amounts with four replicates of each treatment giving a total
of 32 experimental channels. A 3-cm bed of washed, sieved, gravel and
pebble substrate (4–20 mm diameter), 9 L of river water (approximate
water depth 120 mm) and four flat cobbles with attached algae sourced
from a good status (WFD) river (Rathmore Stream, Co. Kildare, Ireland)
were added to each channel (1500 mm × 150 mm). A 63-μm mesh
‘drift net’ was secured within each channel to capture drifting macroin-
vertebrates and flow was maintained using an aquarium pump (Fig. 1).
Each channel was seeded with macroinvertebrates (from two Surber
samples) collected from the aforementioned stream on the same day,
reducing the potential for natural temporal variability in biological com-
munities (Rosenberg and Resh, 1993). Macroinvertebrateswere allowed
to acclimatise for two days prior to sediment treatment. Sediment was
sourced from an exposed river bank of a stream draining a catchment
(Glencullen River, Co Wicklow, Ireland) with minimal human influence
and no historic nutrient inputs thus reducing potential responses tomul-
tiple stressors (Ormerod et al., 2010). The sediment sampling site is
within a woodland that is a designated nature reserve and the river
that drains the site is at high status with low nutrient content. Thus,
the sediments would not be expected to have anthropogenically en-
hanced nutrient levels so a detailed analysis of the sediment composition
was not considered necessary.

The sediment was oven-dried, sieved and fine sediment (b1 mm)
was retained. Sediment disposition was facilitated by turning off
pumps prior to addition. A predetermined weight of fine sediment was
evenly spread over the gravel substrate as undertaken by Wagenhoff et
al. (2012) at 17.00 h on day one so as to achieve the required sediment
surface cover of: 100%, 90%, 70%, 50%, 30%, 10%, 5% and 0% (control).
These sediment levels were estimated by the same observer, thereby re-
ducing possible observer bias (Wang et al., 1996). Macroinvertebrates
were exposed to 1 of 8 fine sediment treatments in a randomised-
block design with four replicates per treatment. Drifting macroinverte-
brates were collected at midnight and 0600 h, and combined to give
daily drift, on each of six consecutive days.While the experiment covered
a short time period, previous studies have shown thatmacroinvertebrate
responses to sediment generally occur within 24 to 48 h following sedi-
ment addition (Suren and Jowett, 2001; Larsen and Ormerod, 2010;
Larsen et al., 2011; O'Callaghan et al., 2015). Macroinvertebrates remain-
ing in the channels on day seven were retrieved by elutriating the sub-
strate through a 250 μm-mesh sieve and preserved in 70% Industrial
Methylated Spirits (IMS). In the laboratory, the macroinvertebrates
were identified to the lowest practicable taxonomic level (species
where possible) using Freshwater Biological Association (FBA) identifica-
tion keys (Hynes, 1977; Macan and Cooper, 1977; Elliott and Mann,
1979; Elliott et al., 1988; Wallace et al., 1990; Edington and Hildrew,
1995; Nilsson, 1996, 1997). To ensure comparable conditions between
treatments, daily measurements were taken of water pH, temperature,
conductivity and dissolved oxygen (DO) using a WTW automatic field
probe, velocity using a FLO-MATE flow meter and turbidity, using a
HACH 2100NIS turbidity meter.
Fig. 1. Schematic illustrating experimental mesocosm (not to scale).
2.2. Field study

The field study was conducted during two seasons, spring (April/
May) and autumn (Sept./Oct.) in 2013, across eight rivers located in the
North East andmidlands of Ireland (Fig. 2)where cattle access represent-
ed a potential point source of sediment. Dominant land use at all sam-
pling locations was intensive agriculture (mainly dairy) while river
typology was calcareous with low slope (Dodkins et al., 2005). In each
study catchment, sampling was conducted at two locations, upstream
and downstream of each cattle access drinking point. Six replicate Surber
samples (1 mm-mesh) were taken within the mid-channel and margins
at each sampling location, which included the first run/riffle area in each
direction. Surber samples capture smaller-scale variations where the
number of taxa collected can be related to a well-defined sampling area
providing an absolute measure of taxon density per unit area (Carter
and Resh, 2001). Surber samples also allowed for the collection ofmacro-
invertebrates and sediment measurements at the same scale and loca-
tion. Extence et al. (2013) suggested that any suitable sampling method
can be used to collect macroinvertebrate sampling for PSI calculations.
Macroinvertebrate samples were preserved in 70% IMS and processed
as described for the mesocosm experiments.

Visual estimations of % depositedfine sediment (b2mm),which gives
an approximation of surface sediment levels, were made within each
Surber sampler frame prior to macroinvertebrate sampling (Zweig and
Rabení, 2001; Rabení et al., 2005; Matthaei et al., 2006; Larsen et al.,
2009). Two additional sediment metrics were included in this study, re-
suspendable sediment (RSS) and turbidity, both ofwhich give an approx-
imation of surface and subsurface sedimentation levels (Conroy et al.,
2016a, 2016b). A stilling well (215 × 400 mm) was pressed into the
stream bed within the frame of the Surber sampler. Water depth within
the stilling well was recorded, the water and top 5 cm of the bed substra-
tumwas agitatedmanually for 30 s and amanual grab sample containing
re-suspendable sediment was taken (Lambert and Walling, 1988;
Wagenhoff et al., 2011; Conroy et al., 2016a, 2016b). Turbidity (NTU) of
grab samples was also recorded using the HACH 2100nIS turbidity
meter. Water samples were filtered, dried, weighed and calculated as
re-suspendable sediments (g m−2) (Lambert and Walling, 1988;
Conroy et al., 2016a, 2016b).

3. Statistical analysis

The Asterics 3.3 programme (http://www.aqem.de/)was used to cal-
culate a number of taxonomy-based metrics for the mesocosm and field
studies including total taxon richness and abundance, Ephemeroptera
(E) abundance, % Ephemeroptera, % Plecoptera and Trichoptera (% EPT)
abundance, Biological MonitoringWorking Party (BMWP) score and Av-
erage Score Per Taxon (ASPT), and habitat, feeding and locomotion trait
metrics. PSI species scores (PSI_S) and PSI family (PSI_F)were also calcu-
lated (Extence et al., 2013). Habitat, feeding and locomotion trait metrics
(e.g. grazers/scrapers, % gatherers/collectors and % sprawlers/walkers)
and total taxon richness were only calculated for the field data because
few taxa remained in the mesocosm channels at the end of the experi-
ment. Summary statistics showingmeans and standard deviations for bi-
ological metrics and environmental variables are included in Appendix A
while Appendix B shows summary statistics for biological and sediment
metrics in the field study.

Friedman's ANOVA (non-parametric, repeated measures ANOVA,
see Clews and Ormerod, 2010: Dytham, 2011; O'Callaghan et al.,
2015) was used to compare numbers of drifting taxa (total taxon abun-
dance and Heptageniidae abundance) between sediment treatments
throughout the whole experiment. Post-hoc analysis using Wilcoxon
signed-rank tests, with a significance level of α b 0.01, were used to
indicate where significant differences lay. One-way ANOVA followed
by Tukey post-hoc tests were used to detect differences in macroin-
vertebrate drift within the first 24 h and total numbers of macroinverte-
brates remaining in the channels at the end of the experiment between

http://www.aqem.de
Image of Fig. 1


Fig. 2.Map showing the locations of the eight field study catchments in Ireland.
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treatments. The association between biological metrics, derived from
taxa remaining in mesocosm channels, and % sediment surface cover
was measured using Kendall's tau rank correlation, τ.

In thefield study, Spearman's rank correlationswere used to analyse
the association between biological metrics and three sediment metrics
(% sediment surface cover, RSS and turbidity) for spring and autumn
datasets separately using the software package PASW Statistics 18.
Generalised linear mixed-effects models were used to establish how
much of the variance in the biological metrics could be explained by
the sediment metrics. The mixed model approach deals explicitly with
the spatial and temporal non-independence and are appropriate for
use on data which has a hierarchical structure (repeated sampling)
(Gelman andHill, 2006) and they take account of the differences in spe-
cies composition and biological responses across rivers (Pinheiro and
Bates, 2000; Pinheiro et al., 2007) and of multiple sites on the same
river. The models were fitted by restricted maximum likelihood
(REML) using the Imer function in the Ime4 library in R (Pinheiro et
al., 2007). The function AIC was used to extract Akaike's information
criterion and the R-function p norm was used to estimate the P-values.
Site and locationwere treated as randomeffectswhile sediment variables
(% sediment surface cover, resuspended sediment and turbidity) were
fixed effects. Bonferroni corrections were not applied as a priori hypoth-
eses were generated in relation to marcoinvertebrate metrics and sedi-
ment metrics (Moran, 2003). The R package r.squared GLMM was used
to estimate the variance contribution from both the fixed factors and
the combined fixed and random effect factors. The methods used are de-
scribed by Nakagawa and Schielzeth (2013). The package and methods
used are described at http://www.inside-r.org/packages/cran/MuMIn/
docs/r.squaredGLMM

4. Results

4.1. Mesocosm study

Water temperature in the experimental channels varied between
5.6 and 7 °C (6.03 mean ± 0.03 SE). DO always remained N13 mgL-1
(12.36 mean ± 0.03 SE) while pH was between 7.8 and 8.3 (8.08
mean ± 0.01 SE). Velocity and turbidity ranged from 0.28 to 0.45 m/s
(0.36 mean ± 0.01 SE) and 1.94 to 10.6 NTU (7.15 mean ± 0.02 SE), re-
spectively. No significant differences were detected between treatments

http://www.inside-r.org/packages/cran/MuMIn/docs/r.squaredGLMM
http://www.inside-r.org/packages/cran/MuMIn/docs/r.squaredGLMM
Image of Fig. 2
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(P N 0.05). Visual observation and low turbidity readings indicated that
sedimentation was maintained throughout the experiment.

The total mean abundance in the channels (calculated as total
drifting plus total remaining in the channel at the end of the experi-
ment) did not differ significantly between treatments (F(7,24) = 0.310,
P = 0.942). At the beginning of the experiment Diversity (Simpson-
Index) and Evenesswere not significantly different between treatments
(F(7,24) = 0.310, P=0.942 and F(7,24) = 0.310, P=0.942, respectively)
indicating that seeding of channels was relatively uniform. Totalmacro-
invertebrate abundance remaining in channels at the end of the exper-
iment was significantly different between the treatments (F(7,24) =
7.384, P b 0.05). Abundances in the 5% treatment were significantly
higher than all other sediment treatments (P b 0.025) bar the 10%
sediment cover treatment.

Drift rates followed a diurnal pattern with peaks in drift observed
during the hours of darkness. While there were no differences in total
abundance drifting in the first 24 h between the treatments (F(7,24) =
1.37, P = 0.264), there were significant differences in macroinverte-
brates drifting over the duration of the experiment (χ2(5) = 98.83,
P b 0.05). Abundance of Heptageniidae drifting was higher in the first
24 h than during the other time periods (χ2(5) = 42.62, P b 0.05).
While post-hoc tests could not establish which sediment treatments
were significantly different, the numbers of drifting Heptageniidae
were generally higher in channels with higher sediment cover (N30%
coverage) (Fig. 3).

All biological metrics (based on taxa remaining at the end of the ex-
periment) were negatively correlated with % sediment surface cover
(Fig. 4). Percentage EPT abundance (Fig. 4a) had the strongest relation-
ship with % sediment surface cover (τ = −0.68) followed by % E
Fig. 3.Mean (±standard error) abundance of Heptageniidae drifting in a) control, 5% and
10% sediment surface cover, b) control, 30% and50% sediment surface cover and c) control,
70%, 90% and 100% sediment surface cover in mesocosm study.
abundance (Fig. 4b) and E abundance (Fig. 4c) (τ = −0.67 and
τ = −0.64, respectively at P b 0.001). The PSI_S metric (Fig 4e,
τ = −0.52, P b 0.001) and total abundances (Fig. 4d, τ = −0.48,
P b 0.001) had slightly weaker, moderate correlations, with % sediment
surface cover). Theweakest relationshipswere between BMWP (Fig. 4f)
and ASPT and % sediment surface cover (τ = −0.25 and τ = −0.29,
P b 0.05).
4.2. Field survey

A total of 384 Surber samples (patch scale) across two seasons
were obtained in the field study. Sediment cover at patch scale ranged
from 1 to 100% which is wider coverage than reported in other studies
(Larsen et al., 2009; Sutherland et al., 2012). However, the sediment
gradient was not evenly distributed in the current study, due to natural
variability, as almost three quarters of the 384 observations had b50%
sediment surface cover (mean 32%± 1.4 SE). Re-suspendable sediment
(RSS) varied between 1 and 3788 g m−2 (mean183 g m−2 ± 15.3 SE)
while turbidity ranged from 2 to 2299 NTU's (mean183 g m−2 ± 15.3
SE).

A number of metrics (e.g. E abundance, % E abundance and PSI)
showed evidence of seasonal variability in their relationship with sedi-
ment measures. The spring dataset showed stronger relationships with
surface cover for all but ASPT (Table 1). These seasonal differences were
particularly evident between E abundance and surface cover (spring
rs =−0.43, P b 0.01 and autumn rs =−0.16, P b 0.05). The PSI metric
also showed some seasonal variability at both species and family level.
Spring PSI_S scores (Fig. 5a) were strongly correlated with surface
cover (rs = 0.47, P b 0.01) and correlations with autumn PSI_S scores
weremuchweaker (rs=0.26, P b 0.01) (Fig. 5b). Similar resultswas de-
tected for the PSI_F metric (spring data rs = −0.40; autumn rs = 0.29
P b 0.01) (Table 1).

Sediment cover (%) had a higher correlationwith the biologicalmet-
rics than either RRS or turbidity (Table 1) and explained a higher pro-
portion of the variation in the models (Table 2).

The strongest associations were with % EPT abundance (spring) and
sediment cover (rs=−0.57, P b 0.01) and explained 13%of the variance
in the models (Table 2). Both total taxon richness and abundance
(spring and autumn) were weakly correlated with % surface cover
(Table 1). The spring correlation coefficients for the other metrics
ranged from −0.33 (BMWP) to −0.47 (PSI_S) while those for the au-
tumn dataset ranged from−0.16 (E abundance) to−0.44 (% EPT rich-
ness). The species traits (e.g. % grazers/scrapers, % gatherers/collectors,
% swimming/diving, % sprawlers/walkers and % coarse gravel taxa) ex-
plained less variance than taxonomy-based metrics and accounted for
1–8% of the variance, compared to 10–19% for the taxonomy-based
metrics (Table 2). It should be borne inmind that there has been consid-
erable debate in the scientific community about the usefulness of P-
values in general and the position is further complicated in the case of
mixed effects models. Thus the values reported here should only be
used as initial rough guides.
5. Discussion

Elevated inputs of anthropogenic fine sediment iswidely recognised
as a significant threat to the ecological integrity of rivers (USEPA, 2002;
Molinos and Donohue, 2009) resulting in changes in community struc-
ture and increased macroinvertebrate drift (Molinos and Donohue,
2009; Larsen and Ormerod, 2010; O'Callaghan et al., 2015). However,
very few sediment-sensitive metrics have been developed to detect
impacts due to this pervasive stressor. Furthermore, there is currently
no generally accepted, standardised method for measuring deposited
sediment and any method used in the field must be able to accurately
estimate deposited sediment levels and be related to biological metrics.

Image of Fig. 3


Fig. 4. Relationship between selected bioticmetrics including a) % EPT abundance, b) % Ephemeroptera abundance, c) Ephemeroptera abundance, d) total taxon abundance, e) PSI species
score and f) BMWP and % sediment surface cover in themesocosm study. EPT: Ephemeroptera, Plecoptera, and Trichoptera; BMWP: Biological MonitoringWorking Party; PSI: Proportion
of Sediment-sensitive Invertebrates.
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5.1. Responses to sediment in the mesocosm experiments and field study

As expected, macroinvertebrate drift was delayed until the hours of
darkness after sediment addition: this is consistent with diurnal pat-
terns as published in a number of other studies (e.g. Matthaei et al.,
2006; Larsen and Ormerod, 2010). These responses were probably due
to avoidance of impacted habitats rather than immediate behavioural
displacement (Larsen and Ormerod, 2010). No significant differences
were observed in drift rates between controls and high sediment treat-
ments in the first 24 h. This is in contrast to the results obtained from a
mesocosm study in Honduras (O'Callaghan et al., 2015) where taxa
abundance doubled and taxa richness increased from 21% in control
and low-sediment treatments to 37% in high-sediment treatments
during the first 24 h following sediment addition. In the present study,
there were significant differences in total abundance drifting and
Heptageniidae abundance drifting over the time period of the experi-
ment. Although the post-hoc tests could not link eachof these to specific
treatments, the data indicated that total drift abundance in the control
channels were similar to those in low and moderate sediment treat-
ments (5, 10 and 30% sediment surface cover). There was a 30 to 40%
increase in drift rates in channels with higher sediment surface cover
(50 to 100%) compared to the control. However, this was not statistical-
ly significant indicating that thedifferent levels of sediment addition did
not significantly affect the temporal pattern of macro-invertebrate drift
they did affect the total abundance remaining in treatments at the end
of the experiment. Suren and Jowett (2001) also reported substantial
increases in drift rates for a number of species in response to sediment
deposition in mesocosm channels in New Zealand while in Australia,
Connolly and Pearson (2007) reported no overall differences in drift at
channels ends although taxa did move a short distance downstream

Image of Fig. 4


Table 1
Correlations between biological metrics with sediment metrics for seasonal field data.

Metrics % Sediment
surface cover

Re-suspendable
sediment (RSS)

Turbidity

Spring Autumn Spring Autumn Spring Autumn

Total taxon
richness

−0.25** −0.20** ns ns ns −0.16*

Total taxon
abundance

−0.24** 0.13* 0.24** 0.16* ns ns

% EPT richness −0.45** −0.44** −0.32** −0.21** ns −0.27**
% EPT abundance −0.57** −0.41** −0.25** −0.20** ns −0.29**
% E abundance −0.41** −0.23** −0.37** −0.20** −0.23** −0.17**
E abundance −0.43** −0.16* −0.12* −0.14* −0.17* −0.14*
ASPT −0.40* −0.42** −0.27** −0.31** ns −0.27**
BMWP −0.33** −0.33** ns −0.16* ns −0.24**
PSI_S −0.47** −0.26** −0.41** −0.25** −0.14* −0.15*
PSI_F −0.40** −0.29** −0.32** −0.20** ns −0.17*

EPT: Ephemeroptera, Plecoptera, and Trichoptera; ASPT: Average Score Per Taxon; BMWP:
Biological Monitoring Working Party; PSI: Proportion of Sediment-sensitive Invertebrtes;
RSS: resuspendable sediment, * P b 0.05, ** P b 0.01(one tailed), ns = not significant.

Table 2
Fraction of the variance explained by % sediment surface cover, re-suspendable sediment
(g m−2) and turbidity (NTU's) at patch-scale in the field study, indicated by generalised
linear mixed-effects models.

Metrics % sediment
surface cover

Re-suspendable
sediment (RSS)

Turbidity

Taxonomy-based metrics
Total taxon richness 0.13*** 0.04*** 0.02**
Total taxon abundance 0.01* ns ns
% EPT richness 0.18*** 0.04*** 0.03***
% EPT abundance 0.13*** 0.02*** 0.04***
% E abundance 0.12*** 0.04*** 0.06***
E abundance 0.19*** 0.05*** 0.08***
ASPT 0.16*** 0.04*** ns
BMWP 0.19*** 0.06*** 0.05***
PSI_S 0.17*** 0.01* ns

Trait-based metrics
% coarse gravel taxa 0.08*** 0.02** 0.02**
% grazers/scrapers 0.08*** 0.02** ns
% gatherers/collectors 0.04*** 0.02** 0.03***
% shredders 0.01* ns 0.01*
% swimming/diving 0.08*** 0.03*** 0.06***
% sprawlers/walkers 0.06*** 0.03*** 0.02**

EPT: Ephemeroptera, Plecoptera, and Trichoptera; BMWP: Biological MonitoringWorking
Party; ASPT: Average Score Per Taxon; PSI: Proportion of Sediment-sensitive Invertebrtes
*P b 0.05, **P b 0.01, ***P b 0.001; Random factors season and site, fixed effects sediment
measurement.
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within the experimental channels. The second hypothesis was support-
ed as total abundance remaining in treatments at the end of experiment
reduced with increasing sediment addition. Interestingly, the numbers
remaining in the control (with no added fine sediment) was lower
than the 5% sediment treatment, perhaps supporting the assertion
that some fine sediment is required in healthy fluvial systems (Yarnell
et al., 2006; Kemp et al., 2011; Jones et al., 2012).

Results from the mesocosm study showed that all metrics tested
were significantly correlated with sediment surface cover but the
strongest correlations were with metrics derived from the abundance
of sensitive taxa (% EPT abundance, % E abundance and E abundance)
and sediment surface cover. Marked decreases in % EPT abundance, %
E abundance and, to a lesser degree, E abundance occurredwith increas-
ing sediment cover. These findings concur with a number of other
mesocosm studies (e.g. Wagenhoff et al., 2012; Piggott et al., 2015). In
the field experiments, which are representative of more realistic condi-
tions, both total taxon abundance and richness were poorly correlated
with surface cover. These findings are in general agreement with
Piggott et al. (2015), who found that total taxon richness decreased as
sediment cover increased whereas total taxon abundance was largely
unaffected owing to increases in sediment tolerant taxa (e.g. chirono-
mids) offsetting decreases in sensitive EPT taxa. Overall, despite the
potential for confounding factors, the field observations also returned
the highest association between sediment surface cover and % EPT
abundance. However, the percentage of the variance in any one metric
explained by sediment cover was relatively low (maximum 19%).
Larsen et al. (2009) found weaker sediment effects on macroinverte-
brate community in lowland catchments compared to upland areas. It
Fig. 5. Relationship between a) spring and b) autumn PSI (spe
was suggested that, as lowland catchments have lower diversity com-
pared to upland catchments, observed sediment effects may be site-
specific and depend on the diversity and sensitivity of species present
at each site (Larsen et al., 2009). These factors may also explain the rel-
atively low percentage variances explained for the lowland rivers in the
present study.

The PSI_S, a sediment-specific metric, showed a weaker relationship
with sediment cover than % EPT abundance in both the mesocosm
experiment and field study. In contrast, Turley et al. (2014) found a
marginally stronger relationship between the PSI metric and sediment
surface cover compared to the relationships for EPT abundance and
richness metrics. There was also evidence of increased variability in
PSI_S scores at higher sediment loadings which concurred with Turley
et al. (2014) who suggested that this increased variability may have
been due to natural variabilitywithin biological communities, responses
to multiple stressors and/or the quality of biological data and sediment
metrics. However, as the experimental design of our mesocosm study
controlled for most, if not all, of these factors it is likely that the PSI_S
metric is not sufficiently specific to register sediment impact. Further-
more, the very high sediment loadings (e.g. 100%) returned substantial-
ly higher than expected PSI scores (c. 63) than the expected PSI score of
between 0 and 20 (Extence et al., 2013). It is worth noting that, in the
cies) data with % sediment surface cover for field survey.

Image of Fig. 5
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Turley et al. (2014) study, all siteswere close to reference conditions and
largely unimpacted by anthropogenic alterations, whereas sites in this
study were lowland sites in agricultural catchments encompassing a
wider diversity of environmental conditions. Despite this, surface cover
explained 17% of the variance in the PSI model in the present study com-
pared to 10.7% in another study which reviewed the relationship be-
tween the PSI metric and surface cover (Glendell et al., 2014). This
higher variance in the current field study is probably explained by inclu-
sion of all particles b2mmasfine sediment. In contrast, while Glendell et
al. (2014) assessed a number of sediment metrics and found that only %
fine bed sediment cover, defined as particles b0.06 mm (and noted by
the authors as difficult to accurately quantify), had a significant relation-
ship with the PSI metric. Ongoingwork in relation to the development of
a new metric, E-PSI which incorporates species-specific sensitivity
weightings,mayhelp to further optimise the performance of the PSImet-
ric (Turley et al., 2015). However, the E-PSI metric was not evaluated in
the current study as it specifies a different sampling strategy to that
used in the current study.

Other studies have linked changes in trait-based metrics to elevated
sediment deposition (Rabení et al., 2005; Sutherland et al., 2012).
Sutherland et al. (2012) found that only one functional feeding group
(scrapers) was weakly related to deposited fine sediment while two
habitat groups (sprawlers, swimmers) showed stronger responses.
This contrasted with the results in this study, where most trait-based
metrics were more weakly related to deposited sediment compared to
taxonomy-based metrics. A better understanding of the mechanisms
of biological response to deposited sedimentwould help in selecting ap-
propriate trait-based metrics.

Visual estimates of surface cover have been described as subjective in
nature and offering only a crude measure of levels of deposited fine sed-
iment (Sutherland et al., 2012). Despite this, Sutherland et al. (2012) re-
ported that visual sediment estimates were well correlated with, and
were good predictors of seven macroinvertebrate metrics and were
strongly related to riparian and catchment land cover. Furthermore,
Conroy et al. (2016a, 2016b) found that surface cover estimates were
strongly related to, and able to distinguish between known levels of
added sediment. Zweig and Rabení (2001) found similarly strong rela-
tionships and suggested that this method was not alone more efficient
in termof time and effort, but as good as, if not superior to embeddedness
measurements. Results from the present study support this as most tax-
onomy based metrics showed moderate to strong correlations with %
sediment surface cover while relationships with the two other sediment
metrics (re-suspendable sediment and turbidity) were considerably
weaker. These findings concur with Glendell et al. (2014) who found
that PSIwas not related to total suspendable bed sediment concentration.
Differences in sampling resolution were cited by those authors as the
most likely cause of this difference because macroinvertebrates were
sampled at reach-scale while total suspendable bed sediment concentra-
tion was assessed at patch-scale at three points across the channel
(Glendell et al., 2014). A number of other studies have also implied that
the ability to detect impactsmay be dependent on the choice of sampling
scale (Townsend et al., 1997; Smiley and Dibble, 2008; Larsen et al.,
2009). However, differences in sampling resolution was not a factor in
the present field study as macroinvertebrates and sediment measures
were taken sequentiallywithin the frameof each Surber sampler. In effect
the response to sedimentation by taxa such as EPT may be most pro-
nounced to sediment draped on the surface of the river bed (captured
in % surface cover estimates) and thus amoremeaningful ecologicalmea-
surement than RSS and turbidity which give a measure of sediment both
draped on and deposited within the river bed.

5.2. Effects of season and taxonomic resolution on performance of
biological metrics

The spring dataset showed stronger relationships with % surface
cover than the autumndataset for all but ASPT. The seasonal scatterplots
indicate increased variability for autumn PSI and sediment relationships
which may be due in part at least to biological responses to multiple
stressors e.g. sediment and nutrients (Ormerod et al., 2010; Wagenhoff
et al., 2011) in these lowland, agricultural catchments which are grazed
from late spring to late autumn. Wood et al. (2011) also found seasonal
variability for PSI scores in their study although no seasonal differences
were detected in a separate study which examined two agricultural
catchments in the UK (Glendell et al., 2014).

With regard to the effects of taxonomic resolution, the results in this
study are in agreementwith those of Turley et al. (2014) andMurphy et
al. (2015) in that species-level identification is preferable to family/
genus/order levels. The U.K. Environment Agency has also recognised
the benefits of increased taxonomic resolution and its biologists
are identifying taxa to species or genus level where feasible (Davy-
Bowker et al., 2010). While increased taxonomic resolution may have
additional time and cost implications and necessitates higher identifica-
tion expertise, these considerations can be offset against the improved
ability of the higher resolution metrics to highlight impacts, aiding
regulatory authorities in the detection of sites which fail to meet envi-
ronmental standards (Jones, 2008).

The present study explores how a number of commonly used mac-
roinvertebrate taxonomy- and trait-basedmetrics respond to measures
of deposited sediment using both mesocosm laboratory channels and a
field study. Overall, this study has demonstrated that a range of biotic
metrics respond clearly and negatively to increasing levels of deposited
sediment. These results indicate that % sediment surface cover and %
EPT abundance may be useful metrics for assessing the negative effect
of excessive sediment on macroinvertebrates. However, variability in
taxa-specific response to sedimentation indicates that refinement of
biotic metrics needs to include those taxa with specific responses to
sediment. This will require additional research on the mechanisms
linking elevated deposited sediment levels and sediment composition
to useful metrics of ecological response.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.06.168.

Acknowledgements

Funding for this research was provided by the Environment Protec-
tion Agency, Ireland under the EPA STRIVE Programme (SILTFLUX
2010-W-LS-4). The authors would like to acknowledge the contribution
of discussions with Steve Ormerod, Des Walling, John Quinton and
MartinMcGarrigle on the SILTFLUXprojectwork. Themanuscript benefit-
ed greatly from the valuable comments of two anonymous reviewers.

References

Angradi, T., 1999. Fine sediment and macroinvertebrate assemblages in Appalachian
streams: a field experiment with biomonitoring applications. J. N. Am. Benthol. Soc.
18, 49–66.

Bilotta, G.S., Brazier, R.E., 2008. Understanding the influence of suspended solids on water
quality and aquatic biota. Water Res. 42, 849–861.

Bilotta, G., Burnside, N., Cheek, L., Dunbar, M., Grove, M., Harrison, C., Joyce, C., Peacock, C.,
Davy-Bowker, J., 2012. Developing environment-specific water quality guidelines for
suspended particulate matter. Water Res. 46, 2324–2332.

Bonada, N., Prat, N., Resh, V.H., Statzner, B., 2006. Developments in aquatic insect biomon-
itoring: a comparative analysis of recent approaches. Annu. Rev. Entomol. 51,
495–523.

Bryce, S.A., Lomnicky, G.A., Kaufmann, P.R., 2010. Protecting sediment-sensitive aquatic
species in mountain streams through the application of biologically based streambed
sediment criteria. J. N. Am. Benthol. Soc. 29, 657–672.

Burdon, F.J., McIntosh, A.R., Harding, J.S., 2013. Habitat loss drives threshold response of
benthic invertebrate communities to deposited sediment in agricultural streams.
Ecol. Appl. 23, 1036–1047.

Carter, J.L., Resh, V.H., 2001. After site selection and before data analysis: sampling,
sorting, and laboratory procedures used in stream benthic macroinvertebrate moni-
toring programs by USA state agencies. J. N. Am. Benthol. Soc. 20, 658–682.

Clews, E., Ormerod, S., 2009. Improving bio-diagnostic monitoring using simple combina-
tions of standard biotic indices. River Res. Appl. 25, 348–361.

Clews, E., Ormerod, S.J., 2010. Appraising riparian management effects on benthic macro-
invertebrates in the Wye River system. Aquat. Conserv. Mar. Freshwat. Ecosyst. 20
(S1), S73–S81.

doi:10.1016/j.scitotenv.2016.06.168
doi:10.1016/j.scitotenv.2016.06.168
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0005
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0005
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0005
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0015
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0015
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0020
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0020
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0025
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0025
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0025
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0030
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0030
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0030
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0035
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0035
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0035
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0040
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0040
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0040
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0045
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0045
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0050
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0050
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0050


1100 E. Conroy et al. / Science of the Total Environment 568 (2016) 1092–1101
Connolly, N.M., Pearson, R.G., 2007. The effect of fine sedimentation on tropical stream
macroinvertebrate assemblages: a comparison using flow-through artificial stream
channels and recirculating mesocosms. Hydrobiologia 592, 423–438.

Conroy, E., Turner, J.N., Rymszewicz, A., Bruen, M., O'Sullivan, J.J., Kelly-Quinn, M., 2016a.
An evaluation of visual and measurement-based methods for estimating deposited
fine sediment. Int. J. Sediment Res. http://dx.doi.org/10.1016/j.ijsrc.2016.04.002.

Conroy, E., Turner, J.N., Rymszewicz, A., O'Sullivan, J.J., Bruen,M., Lawler, D.M., Lally, H., Kelly-
Quinn, M., 2016b. The impact of cattle access on ecological water quality in streams: ex-
amples from agricultural catchments within Ireland. Sci. Total Environ. 547, 17–29.

Cooper, D., Naden, P., Old, G., Laize, C., 2008. Development of guideline sediment targets
to support management of sediment inputs into aquatic systems. Sheffield: Natural
England research report.

Davy-Bowker, J., Murphy, J.F., Rutt, G.P., Steel, J.E., Furse, M.T., 2005. The development and
testing of a macroinvertebrate biotic index for detecting the impact of acidity on
streams. Arch. Hydrobiol. 163, 383–403.

Davy-Bowker, J., Arnott, S., Close, R., Dobson,M., Dunbar, M., Jofre, G., Morton, D., Murphy,
J., Wareham,W., Smith, S., 2010. SNIFFERWFD 100: further development of River In-
vertebrate Classification Tool. Final Report.

Dodkins, I., Rippey, B., Harrington, T., Bradley, C., Ni Chathain, B., Kelly-Quinn, M.,
McGarrigle, M., Hodge, S., Trigg, D., 2005. Developing an optimal river typology for bi-
ological elements within the Water Framework Directive. Water Res. 39, 3479–3486.

Dunbar, M.J., Pedersen, M.L., Cadman, D., Extence, C., Waddingham, J., Chadd, R., Larsen,
S.R.E., 2010. River discharge and local-scale physical habitat influence macroinverte-
brate LIFE scores. Freshw. Biol. 55, 226–242.

Dytham, C., 2011. Choosing and Using Statistics: A Biologist's Guide. John Wiley & Sons.
Edington, J.M., Hildrew, A.G., 1995. A Revised Key to the Caseless Caddis Larvae of the

British Isles With Notes on Their Ecology. Freshwater Biological Association.
Elliott, J.M., Mann, K.H., 1979. A Key to the British Freshwater Leeches: With Notes on

Their Life Cycles and Ecology. Freshwater Biological Association.
Elliott, J.M., Humpesch, U.H., Macan, T.T., 1988. Larvae of the British Ephemeroptera: A

Key With Ecological Notes. Freshwater Biological Association.
Extence, C., Balbi, D., Chadd, R., 1999. River flow indexing using British benthic macroin-

vertebrates: a framework for setting hydroecological objectives. Regul. Rivers Res.
Manag. 15, 545–574.

Extence, C., Chadd, R., England, J., Dunbar, M., Wood, P., Taylor, E., 2013. The assessment of
the fine sediment accumulation in rivers using macroinvertebrate community
response. River Res. Appl. 29, 17–55.

Gelman, A., Hill, J., 2006. Data Analysis Using Regression and Multilevel/Hierarchical
Models. Cambridge University Press.

Glendell, M., Extence, C., Chadd, R., Brazier, R.E., 2014. Testing the pressure-specific inver-
tebrate index (PSI) as a tool for determining ecologically relevant targets for reducing
sedimentation in streams. Freshw. Biol. 59, 353–367.

Hawkes, A., 1998. Origin and development of the biological monitoring working party
score system. Water Res. 32, 964–968.

Hilsenhoff, W.L., 1987. An improved biotic index of organic stream pollution. Great Lakes
Entomol. 20, 31–40.

Hynes, H.B.N., 1977. A Key to the Adults and Nymphs of the British Stoneflies (Plecoptera)
With Notes on Their Ecology and Distribution. Freshwater Biological Association.

Jones, F.C., 2008. Taxonomic sufficiency: the influence of taxonomic resolution on fresh-
water bioassessments using benthic macroinvertebrates. Environ. Rev. 16, 45–69.

Jones, J., Murphy, J., Collins, A., Sear, D., Naden, P., Armitage, P., 2012. The impact of fine
sediment on macro-invertebrates. River Res. Appl. 28, 1055–1071.

Kefford, B.J., Zalizniak, L., Dunlop, J.E., Nugegoda, D., Choy, S.C., 2010. How aremacroinver-
tebrates of slow flowing lotic systems directly affected by suspended and deposited
sediments? Environ. Pollut. 158, 543–550.

Kemp, P., Sear, D., Collins, A., Naden, P., Jones, I., 2011. The impacts of fine sediment on
riverine fish. Hydrol. Process. 25, 1800–1821.

Lambert, C., Walling, D., 1988. Measurement of channel storage of suspended sediment in
a gravel-bed river. Catena 15, 65–80.

Larsen, S., Ormerod, S.J., 2010. Low-level effects of inert sediments on temperate stream
invertebrates. Freshw. Biol. 55, 476–486.

Larsen, S., Vaughan, I.P., Ormerod, S.J., 2009. Scale-dependent effects of fine sediments on
temperate headwater invertebrates. Freshw. Biol. 54, 203–219.

Larsen, S., Pace, G., Ormerod, S., 2011. Experimental effects of sediment deposition on the
structure and function of macroinvertebrate assemblages in temperature streams.
River Res. Appl. 27, 257–267.

Lemly, A., 1982. Modification of benthic insect communities in polluted streams: com-
bined effects of sedimentation and nutrient enrichment. Hydrobiologia 87, 229–245.

Macan, T.T., Cooper, R.D., 1977. A Key to the British Fresh-and Brackish-Water Gastro-
pods: With Notes on Their Ecology. Freshwater Biological Association.

Matthaei, C.D., Weller, F., Kelly, D.W., Townsend, C.R., 2006. Impacts of fine sediment ad-
dition to tussock, pasture, dairy and deer farming streams in New Zealand. Freshw.
Biol. 51, 2154–2172.

Matthaei, C., Piggott, J., Townsend, C., 2010. Multiple stressors in agricultural streams: in-
teractions among sediment addition, nutrient enrichment and water abstraction.
J. Appl. Biol. 47, 639–649.

Minshall, G.W., 1988. Steam ecosystem theory: a global perspective. J. N. Am. Benthol.
Soc. 7, 263–288.

Molinos, J.G., Donohue, I., 2009. Differential contribution of concentration and exposure
time to sediment dose effects on stream biota. J. N. Am. Benthol. Soc. 28, 110–121.

Moran, M.D., 2003. Arguments for rejecting the sequential Bonferroni in ecological stud-
ies. Oikos 100, 403–405.

Murphy, J.F., Jones, J.I., Pretty, J.L., Duerdoth, C.P., Hawczak, A., Arnold, A., Blackburn, J.H.,
Naden, P.S., Old, G., Sear, D.A., 2015. Development of a biotic index using streammac-
roinvertebrates to assess stress from deposited fine sediment. Freshw. Biol. 60,
2019–2036.
Nakagawa, S., Schielzeth, H., 2013. A general and simple method for obtaining R2 from
generalized linear mixed-effects models. Methods Ecol. Evol. 4, 133–142.

Nilsson, A.N., 1996. Aquatic Insects of North Europe: A Taxonomic Handbook. Volume 1:
Ephemeroptera, Plecoptera, Heteroptera, Neuroptera, Megaloptera, Coleoptera, Tri-
choptera, Lepidoptera. Apollo Books.

Nilsson, A., 1997. Aquatic Insects of North Europe: A Taxonomic Handbook, Vol. 2: Odon-
ata-Diptera. Apollo Books.

Niyogi, D., Koren, M., Arbuckle, C., Townsend, C., 2007. Stream communities along a catch-
ment land-use gradient: subsidy-stress responses to pastoral development. Environ.
Manag. 39, 213–225.

O'Callaghan, P., Jocque, M., Kelly-Quinn, M., 2015. Nutrient- and sediment-induced mac-
roinvertebrate drift in Honduran cloud forest streams. Hydrobiologia 1–12.

Ormerod, S., Dobson, M., Hildrew, A., Townsend, C., 2010. Multiple stressors in freshwater
ecosystems. Freshw. Biol. 55, 1–4.

Owens, P., Batalla, R., Collins, A., Gomez, B., Hicks, D., Horowitz, A., Kondolf, G., Marden,M.,
Page, M., Peacock, D., Petticrew, E., Salomons, W., Trustrum, N., 2005. Finegrained
sediment in river systems: environmental significance and management issues.
River Res. Appl. 21, 693–717.

Piggott, J.J., Townsend, C.R., Matthaei, C.D., 2015. Climate warming and agricultural
stressors interact to determine stream macroinvertebrate community dynamics.
Glob. Chang. Biol. 21, 1887–1906.

Pinheiro, J., Bates, D., 2000. Mixed Effects Models in S and S-Plus. Springer, New York.
Pinheiro, J.C., Bates, D., Debroy, S., Sarkar, D., 2007. nlme: Linear and Nonlinear Mixed Ef-

fects Models. R package version 3. R Foundation for Statistical Computing.
Pollard, A., Yuan, L., 2010. Assessing the consistency of response metrics of the inverte-

brate benthos: a comparison of trait-and identity-based measures. Freshw. Biol. 55,
1420–1429.

Rabeni, C., Minshall, G., 1977. Factors affecting microdistribution of stream benthic in-
sects. Oikos 33–43.

Rabení, C.F., Doisy, K.E., Zweig, L.D., 2005. Stream invertebrate community functional re-
sponses to deposited sediment. Aquat. Sci. 67, 395–402.

Relyea, C.D., Minshall, G.W., Danehy, R.J., 2000. Stream insects as bioindicators of fine sed-
iment. Proc. Water Environ. Fed. 2000, 663–686.

Richards, C., Haro, R.J., Johnson, L.B., Host, G.E., 1997. Catchment and reach-scale
properties as indicators of macroinvertebrate species traits. Freshw. Biol. 37,
219–230.

Robinson, C.T.,Minshall, G.W., 1986. Effects of disturbance frequency on streambenthic com-
munity structure in relation to canopy cover and season. J. N. Am. Benthol. Soc. 5,
237–248.

Robinson, C.T., Uehlinger, U., 2008. Experimental floods cause ecosystem regime shift in a
regulated river. Ecol. Appl. 18, 511–526.

Robinson, C., Blaser, S., Jolidon, C., Shama, L., 2011. Scales of patchiness in the response of
lotic macroinvertebrates to disturbance in a regulated river. J. N. Am. Benthol. Soc. 30,
374–385.

Rosenberg, D.M., Resh, V., 1993. Rapid assessment approaches to biomonitoring using
benthic macroinvertebrates. In: Rosenberg, D.M., Resh, V.H. (Eds.), Freshwater Bio-
monitoring and Benthic Macroinvertebrates. Chapman & Hall.

Sandin, L., Solimini, A., 2009. Freshwater ecosystem structure-function relationships:
from theory to application. Freshw. Biol. 54, 2017–2024.

Smiley, P.C., Dibble, E.D., 2008. Influence of spatial resolution on assessing channelization
impacts on fish and macroinvertebrate communities in a warmwater stream in the
southeastern United States. Environ. Monit. Assess. 138, 17–29.

Strand, R.M., Merritt, R.W., 1997. Effects of episodic sedimentation on the net-spinning
caddisfliesHydropsyche betteni and Ceratopsyche sparna (Trichoptera: Hydropsychidae).
Environ. Pollut. 98, 129–134.

Strayer, D.L., 2006. Challenges for freshwater invertebrate conservation. J. N. Am. Benthol.
Soc. 25, 271–287.

Suren, A.M., Jowett, I.J., 2001. Effects of deposited sediment on invertebrate drift: an
experimental study. N. Z. J. Mar. Freshw. Res. 35, 725–737.

Sutherland, A.B., Culp, J.M., Benoy, G.A., 2012. Evaluation of deposited sediment and mac-
roinvertebrate metrics used to quantify biological response to excessive sedimenta-
tion in agricultural streams. Environ. Manag. 50, 50–63.

Townsend, C.R., Arbuckle, C.J., Crowl, T.A., Scarsbrook, M.R., 1997. The relationship
between land use and physicochemistry, food resources and macroinvertebrate
communities in tributaries of the Taieri River, New Zealand: a hierarchically scaled
approach. Freshw. Biol. 37, 177–191.

Townsend, C.R., Uhlmann, S.S., Matthaei, C.D., 2008. Individual and combined responses
of stream ecosystems to multiple stressors. J. Appl. Ecol. 45, 1810–1819.

Turley, M.D., Bilotta, G.S., Extence, C.A., Brazier, R.E., 2014. Evaluation of a fine sediment
biomonitoring tool across a wide range of temperate rivers and streams. Freshw.
Biol. 59, 2268–2277.

Turley, M.D., Bilotta, G.S., Krueger, T., Brazier, R.E., Extence, C.A., 2015. Developing an im-
proved biomonitoring tool for fine sediment: combining expert knowledge and em-
pirical data. Ecol. Indic. 54, 82–86.

USEPA, 2002. National water quality inventory: 2000 report. Report No.EPA-841-R-02-
001 (≤http://www.epa.gov/305b/2000report/N, accessed 1st November, 2012).

Wagenhoff, A., Townsend, C.R., Phillips, N., Matthaei, C.D., 2011. Subsidy stress and mul-
tiple stressor effects along gradients of deposited fine sediment and dissolved nutri-
ents in a regional set of streams and rivers. Freshw. Biol. 56, 1916–1936.

Wagenhoff, A., Townsend, C.R., Matthaei, C.D., 2012. Macroinvertebrate responses along
broad stressor gradients of deposited fine sediment and dissolved nutrients: a stream
mesocosm experiment. J. Appl. Ecol. 49, 892–902.

Wallace, I.D., Wallace, B., Philipson, G.N., 1990. A Key to the Case-bearing Caddis larvae of
Britain and Ireland. Freshwater Biological Association.

Wang, L., Simonson, T.D., Lyons, J., 1996. Accuracy and precision of selected streamhabitat
estimates. N. Am. J. Fish Manag. 16, 340–347.

http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0055
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0055
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0055
http://dx.doi.org/10.1016/j.ijsrc.2016.04.002
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0065
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0065
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0070
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0070
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0070
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0075
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0075
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0075
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0080
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0080
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0085
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0085
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0090
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0090
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0095
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0100
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0100
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0105
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0105
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0110
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0110
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0115
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0115
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0115
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0120
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0120
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0120
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0125
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0125
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0130
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0130
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0130
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0135
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0135
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0140
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0140
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0145
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0145
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0150
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0150
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0155
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0155
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0160
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0160
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0160
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0165
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0165
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0170
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0170
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0175
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0175
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0180
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0180
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0185
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0185
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0185
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0190
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0190
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0195
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0195
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0200
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0200
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0200
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0205
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0205
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0205
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0210
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0210
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0215
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0215
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0220
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0220
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0225
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0225
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0225
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0230
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0230
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0235
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0235
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0235
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0240
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0240
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0245
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0245
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0245
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0250
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0250
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0255
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0255
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0260
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0260
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0260
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0265
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0265
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0265
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0270
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0275
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0275
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0280
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0280
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0280
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0285
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0285
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0290
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0290
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0295
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0295
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0300
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0300
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0300
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0305
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0305
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0305
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0310
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0310
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0315
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0315
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0315
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0320
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0320
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0320
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0325
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0325
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0330
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0330
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0330
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0335
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0335
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0335
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0340
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0340
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0345
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0345
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0350
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0350
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0350
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0355
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0355
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0355
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0355
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0360
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0360
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0365
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0365
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0365
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0370
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0370
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0370
http://www.epa.gov/305b/2000report/%3e
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0380
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0380
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0380
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0385
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0385
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0385
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0390
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0390
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0395
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0395


1101E. Conroy et al. / Science of the Total Environment 568 (2016) 1092–1101
Wood, P.J., Armitage, P.D., 1997. Biological effects of fine sediment in the lotic environ-
ment. Environ. Manag. 21, 203–217.

Wood, P.J., Toone, J., Greenwood, M.T., Armitage, P.D., 2005. The response of four lotic
marcoinvertebrate taxa to burial by sediments. Arch. Hydrobiol. 163, 145–162.

Wood, P.J., Pitcher, A., Monk, W.A., Worrall, T., 2011. The influence of substratum compo-
sition on benthic invertebrates: Testing PSI. Report for the Environment Agency, Bris-
tol, UK.
Yarnell, S., Mount, J., Larsen, E., 2006. The influence of relative sediment supply on riverine
habitat heterogeneity. Geomorphology 80, 310–324.

Zweig, L.D., Rabení, C.F., 2001. Biomonitoring for deposited sediment using benthic inver-
tebrates: a test on 4 Missouri streams. J. N. Am. Benthol. Soc. 20, 643–657.

http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0400
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0400
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0405
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0405
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0410
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0410
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0410
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0415
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0415
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0420
http://refhub.elsevier.com/S0048-9697(16)31342-0/rf0420

	Evaluating the relationship between biotic and sediment metrics using mesocosms and field studies
	1. Introduction
	2. Materials and methods
	2.1. Mesocosm study
	2.2. Field study

	3. Statistical analysis
	4. Results
	4.1. Mesocosm study
	4.2. Field survey

	5. Discussion
	5.1. Responses to sediment in the mesocosm experiments and field study
	5.2. Effects of season and taxonomic resolution on performance of biological metrics

	Acknowledgements
	References


