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Excessive fine sediment (particles <2 mm) deposition in freshwater systems is a per-

fine sediment in river systems at the global scale is limited. Here, we aim to address
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by freshwater invertebrates across multiple geographic regions (Australia, Brazil, New

and are instead dependent on both the region and the facet of invertebrate diversity
considered, that is, taxonomic or functional trait structure. Invertebrate communities
of Australia were most sensitive to deposited fine sediment, with the greatest rate of
change in communities occurring when fine sediment cover was low (below 25% of
the reach). Communities in the UK displayed a greater tolerance with most composi-
tional change occurring between 30% and 60% cover. In both New Zealand and Brazil,
which included the most heavily sedimented sampled streams, the communities were
more tolerant or demonstrated ambiguous responses, likely due to historic environ-

mental filtering of invertebrate communities. We conclude that ecological responses
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1 | INTRODUCTION

Globally, freshwater systems are under significant pressure from
anthropogenic stressors. Declines of biodiversity in aquatic envi-
ronments are disproportionate, far exceeding those of terrestrial
and marine systems (Higgins et al., 2021; Reid et al., 2019). In par-
ticular, excessive delivery and deposition of fine sediment (particles
<2mm) in river systems represents a major global threat to aquatic
ecosystem health with inputs of fine sediment now far exceeding
natural background levels (Dudgeon, 2019; Foster et al., 2011).
Anthropogenic activities such as agricultural intensification, mining
and deforestation have all increased the supply of fine sediments
to rivers (Collins et al., 2009). Moreover, excessive transport and
delivery of fine sediment is expected to be further exacerbated by
changes to rainfall and run-off regimes under future climatic change
(Burt et al., 2016). Tackling the ecological implications of fine sedi-
ment is therefore a global and urgent issue, which continues to pres-
ent ongoing challenges for monitoring and regulatory agencies.

The effects of excessive fine sediment deposition in rivers span mul-
tiple trophic levels (Owens et al., 2005). However, assessment of the
effects of fine sediment, as with other anthropogenic stressors, is often
performed using invertebrate communities as a proxy for wider ecosys-
tem health and habitat quality. Fine sediment can affect invertebrate
communities through a variety of mechanisms. The settling and infil-
tration of fine sediment in gravel beds reduces habitat heterogeneity,
clogs interstitial pore space and limits intragravel flows and hydraulic
connectivity (Dubuis & De Cesare, 2023; Wharton et al., 2017; Yarnell
et al., 2006). This in turn alters the suitability of the substrate for some
invertebrate taxa, impacts the exchange of oxygen and removal of ex-
creta, increases invertebrate dispersal via drift and can affect respira-
tion and feeding activities, which ultimately shapes the biodiversity and
structure of invertebrate communities (Brown et al., 2019; Descloux
et al., 2014; Mathers et al., 2017; Piggott et al., 2015).

Traditionally, taxonomic approaches have been used to quan-
tify invertebrate responses to fine sediment pressures (Gieswein
et al., 2019; Turley et al., 2015). However, quantifying community
responses using functional traits can provide new insights into the
mechanisms behind change occurring, rather than simply observing
that a change has occurred (Culp et al., 2011). Consequently, we
can infer ecosystem functioning (or lack of) from a combination of
functional diversity metrics (Cadotte et al., 2011; Diaz et al., 2013).
Individual traits that are sensitive are filtered by the prevailing en-
vironmental conditions (i.e., environmental filtering), which in turn
shapes the functional assemblage of the invertebrate community
(Floury et al., 2017). At the community level, some loss of func-
tioning associated with fine sedimentation has been reported from

to fine sediment are not generalisable globally and are dependent on landscape filters

with regional context and historic land management playing important roles.

aquatic biodiversity, community composition, conservation, ecological threshold, ecosystem

a limited number of studies (Lange et al., 2014). However, until re-
cently, trait-based approaches were limited to the geographic region
within which the trait databases were developed. Inconsistencies
between trait groupings (e.g., feeding group) and individual trait mo-
dalities (e.g., shredder, filterer and scraper), as well as variation in
taxonomic resolution, have meant multi-country or region analyses
has been limited (but see Brown et al., 2018; Mathers et al., 2022).
With a new harmonised trait database (Kunz et al., 2022) available,
it is possible for the first time to analyse functional responses to fine
sediment at a multi-continental spatial scale.

Despite the deleterious effects of excessive fine sediment deposi-
tion on river biodiversity, thresholds (such as standards or guidelines)
are rarely recognised in management policies, unlike for example flow
requirements (Directive 2000/60/EC of the European Parliament and
of the Council Establishing a Framework for the Community Action in
the Field of Water Policy, 2000). Where available, regulatory guide-
lines are not always based on explicit evidence of ecological degrada-
tion (Mondon et al., 2021) and are not necessarily thresholds at which
populations or communities change abruptly or shift to alternate sta-
bles states (sensu the definition of ecological threshold by Groffman
et al., 2006). Ecological threshold analysis, which investigates such
abrupt changes, could therefore represent a valuable tool to aid in the
establishment of management thresholds for fine sediment (Groffman
et al., 2006). The concept of an ecological threshold is founded on spe-
cies tolerating the stressor up to a threshold point in which the effects
become nonlinear, or disproportionate, relative to further increases in
the stressor (D'Amario et al., 2019; May, 1977). Threshold analysis has
been successfully applied to a variety of different environmental driv-
ers, or stressors (e.g., excess nutrients, urbanisation and river flow) and
species groups (e.g., birds, fish, diatoms, algae, macrophytes and inver-
tebrates; Chen & Olden, 2020; Sonderegger et al., 2009; Wagenhoff
et al., 2017) but, as yet, fine sediment pressures have not been exam-
ined extensively. Defining ecological thresholds has recently drawn sci-
entific debate, with concerns about the fundamental ability to identify
thresholds from empirical data, and whether targets based on thresh-
olds are detrimental to management practices (Hillebrand et al., 2020,
2021). However, the identification of safe operating spaces, or accept-
able limits of change, represents a valuable tool for the management
of environmental stressors (Lade et al., 2021), and provides a vector to
interpret complex ecological responses across pressure gradients.

The limited existing research, which has sought to quantify in-
vertebrate ecological thresholds to deposited fine sediment, pres-
ents varying and conflicting results (Burdon et al., 2013; Kaller &
Hartman, 2004; Paul & McDonald, 2005; Schéffer et al., 2020). This
can be attributed to inconsistencies in the ecological response vari-
able (i.e., taxonomic level or community facet), measurement of fine
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sediment and statistical methods applied. These studies are typically
based on small spatial scales meaning scaling up is not possible. As
such, there remains a crucial need for studies to establish the thresh-
olds at which ecological degradation occurs across the deposited sedi-
ment gradient in order to fully characterise the ecological implications.
This study represents the first multicontinental perspective in iden-
tifying country-specific deposited fine sediment thresholds. Through
a combination of taxonomic and functional analyses, we sought to
assess riverine invertebrate responses to fine sediment on a global
scale. Specifically, we tested the following: (1) whether taxonomic and
functional facets of invertebrate communities vary in response to de-
posited fine sediment across geographic regions and (2) if there are
globally consistent associations of invertebrate community metrics

(biological indicators) with deposited fine sediment.

2 | METHODS

2.1 | Data sets characterised

Data were obtained from three continents constituting the four
countries of Australia, Brazil, the UK (collective) and New Zealand
(Figure S1 in Data S1). Data comprised paired biological (inverte-
brates) and environmental (visual fine sediment cover %) data col-
lected during the same sampling occasion (Table 1) consisting of a
total of 6491 samples. Substrate composition was determined at the
same spatial scale as biological sampling via visual estimates of per-
centage cover of the bed surface at sample reaches across a range
of size classes (e.g., boulder, cobble and gravel), with the percentage
of fine sediment calculated by aggregating all substrate categories
<2mm in diameter (clay, silt and sand). Visual estimates have been
shown to be a reliable proxy for fully quantitative methods of assess-
ing fine sediment in aquatic systems, with low inter-operator vari-
ability (Conroy et al., 2016a; Mckenzie et al., 2022b). Fine sediment
data were initially assessed to ensure a suitable gradient coverage
prior to analysis (other data sets were excluded based on this as-
sessment). Invertebrates were collected using standard quantitative
methodologies (kick or Surber sampling) and identified to either fam-
ily or mixed-taxon level. Data were converted to relative abundance

to ensure comparability (e.g., Chen & Olden, 2020) and resolved at

TABLE 1 Summary of data sources in study.

Country and source publications/databases

Australia (New South Wales) (Compiled by the New South Wales Department of Planning

and Environment, 2018)

Brazil (Cerrado Biome) (Agra et al., 2021; Callisto et al., 2019; Castro et al., 2017, 2018,

30f13
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family level to account for the mixed levels of identification (Everall
etal., 2017; Stubbington et al., 2022). Sites were filtered (either prior
to acquisition or during data collection) to ensure a reduction in co-
occurring stressors, which may confound or interact with the effects
of fine sediment. Detailed descriptions of sampling methods and
data filtering for each source can be found in Data S1.

Functional trait databases providing harmonised trait data for
Europe, North America (used for Brazil), New Zealand and Australia
at the family level were compiled (Kunz et al., 2022). A total of 22
individual trait modes across six trait categories were used in the
analyses (Table S3 in Data S1). The number of taxa assigned traits
varied by country: Australia (78), Brazil (44), the UK (79) and New
Zealand (59). The trait database was acquired as proportional traits

(rather than fuzzy coded traits).

2.2 | Statistical analysis

Gradient Forest (GF) analysis (gradientForest package) (Ellis
et al, 2012) was applied to compare compositional change (or
turnover) across the deposited sediment gradient to define com-
munity threshold points. GF is an extension of random forest
(Breiman, 2001) and applies a regression tree approach to quantify
thresholds using nonlinear responses across an environmental gra-
dient. First, separate random forests (ntree=1000) are constructed
for each species (or trait modality for functional community analy-
sis). Next, GF aggregates the split value of each individual tree and
their fit improvement across all species with positive fits (defined
as R%>0). When quantifying the overall compositional change
across the gradient, each split in the GF contributes relative to its
fit improvement, and each species contributes relative to its vari-
ance (as R?) explained by the environmental predictor(s) (Chen &
Olden, 2020; Compton et al., 2013; Ellis et al., 2012). One of the
benefits of GF is that it is unaffected by unevenly distributed data
across the environmental gradient, which is often the case with
field survey data, as it standardises split density by the density of
observed values across the gradient (Ellis et al., 2012; Wagenhoff
et al., 2017). With the standardisation expressed as a ratio, points
where the value is >1 represent areas where compositional change is

highest compared with the turnover occurring elsewhere across the

2020; Firmiano, Canedo-Argtielles, et al., 2021; Firmiano, Castro, et al., 2021; Macedo

et al., 2018; Silva et al., 2018, 2021)

UK (Environment Agency, 2021; Jones et al., 2017; Murphy et al., 2015, 2017)
New Zealand (Hunter, 2020; Lange et al., 2014; Magbanua et al., 2010; Matthaei

et al., 2006; Wagenhoff et al., 2011)

@After data filtering to reduce confounding factors.

Duration of Number of Number
record samples? of taxa
1994-2011 3099 174
2009-2017 232 102
1990-2019 2818 173
2003-2011 342 108
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gradient, thus indicating community threshold points. All threshold
points were identified using the R package pracma (Borchers, 2019;
Chen & Olden, 2020).

Threshold Indicator Taxa ANalyses (TITAN) (Baker & King, 2013)
were carried out using the TITAN2 package (Baker et al., 2015).
TITAN is a nonparametric method that uses a resampling technique
to detect abrupt change points of abundance and occurrence across
an environmental gradient (Baker & King, 2013; King & Baker, 2010).
TITAN determines these change points for individual components
of the community which are either sensitive (respond negatively) or
tolerant (respond positively) to an environmental gradient, providing
further information on the community thresholds than identified by
GF alone. A taxon or trait is identified as either responding posi-
tively (z+) or negatively (z-) to the deposited sediment gradient if;
(a) the change in frequency and abundance is the same for 295% of
all bootstrap samples (i.e., pure) and, (b) 295% of all bootstrap sam-
ples are significantly different from a random distribution (p <.05)
(i.e., reliable). The sum of all IndVal z scores (sumz) can be used as
an indicator of taxonomic or functional community level threshold
by identifying peaks along the gradient associated with the maxi-
mum decline or increase in frequency and/or abundance of nega-
tive and positive responders, respectively (King et al., 2016; Monk
et al., 2018). Function parameters were set as 250 random permu-
tations (numPerm) and 500 bootstrap replicates (nBoot) (Khamis
et al., 2014; Lencioni, 2018; Porter-Goff et al., 2013).

Ten taxonomic and functional metrics were calculated to deter-
mine the consistency of responses in commonly employed biodi-
versity metrics to fine sediment. Taxonomic indices calculated were
taxa richness, Ephemeroptera, Plecoptera and Trichoptera (EPT)
richness, EPT index (EPT richness as a proportion of taxa richness),
Simpson's diversity index, and Pielou's evenness. Five functional
diversity indices were calculated using the FD package (Laliberté
et al., 2014) comprising functional richness (FRic), functional disper-
sion (FDis), functional evenness (FEve), functional divergence (FDiv)
and Rao's quadratic entropy (RaoQ). Spearman's rank correlation
(due to non-normal data distribution) assessed the performance of
the indices against visual fine sediment (%). Pairwise correlations
were corrected for multiple comparisons using the Holm-Bonferroni
correction (Holm, 1979). All analyses were conducted in the R envi-

ronment (R Development Core Team, 2022).

3 | RESULTS

3.1 | Community responses to deposited fine
sediment

Thresholds in taxonomic responses were identified by GF to occur
at low fine sediment coverage for Australia and Brazil, occurring at
<12% cover (see peaks in the ratio densities [purple line] in Figure 1;
Table S1 in Data S2). The UK taxonomic responses exhibited mul-
tiple thresholds across a broad range of fine sediment coverage
(16%-99%) with the peak threshold occurring at 44% cover. New

Zealand exhibited the lowest threshold for all countries (3% cover)
but had a peak taxonomic threshold at 89% coverage. Thresholds
in functional community responses for Australia and New Zealand
closely mirrored their respective taxonomic peak threshold points at
12% and 89%, respectively (Figure 1; Table S1 in Data S2). In Brazil, a
high functional threshold was observed at 94% in contrast to the low
taxonomic threshold at 9%. In the UK, multiple functional thresholds
were observed.

When TITAN analyses were considered, taxonomic and func-
tional measures showed contrasting change points along the de-
posited fine sediment gradient (Figures 2 and 3). Sensitive (i.e.,
negatively responding, z-) functional traits were associated with
higher fine sediment thresholds than sensitive taxa for all countries
(Figure 2). Sensitive taxa generally had a lower threshold point than
tolerant (i.e., positively responding, z+) taxa. By contrast, tolerant
traits had a lower threshold point than sensitive traits (except in
Australia). However, observing peaks in the sumz scores across the
deposited sediment gradient provides more information than ob-
serving a single change point location alone (Figure 3). Peaks in sumz
density at <10% deposited sediment were present for sensitive taxa
in Australia, which was the single lowest taxonomic changepoint
identified across all countries. Sensitive taxa in Brazil displayed a
single peak, which occurred between 30% and 60% fine sediment
coverage. Both sensitive and tolerant traits in Brazil peaked at the
upper end of the gradient, with the rate of change increasing steadily
along the gradient. In contrast, both sensitive and tolerant taxa in
the UK displayed peaks at the lower end of the deposited sediment
gradient (~20%-25%). Tolerant traits in the UK demonstrated peaks
towards the lower end of the gradient (<20%), whilst in contrast,
sensitive traits peaked at the upper end (75%). There were no dis-
tinctive peaks for New Zealand for either taxonomic or functional
responses. When assessing overall community change, the narrower
quartile ranges (Figure 2), and near-vertical cumulative frequency
distribution plots (Figure 3) indicated that there was a higher degree
of confidence in the changepoint locations for both taxonomic and
functional measures in Australia and the UK relative to Brazil and
New Zealand.

3.2 | Ecological indicators of deposited
fine sediment

Ephemeroptera, Plecoptera and Trichoptera indices (EPT richness
and EPT index) were found to be significantly negatively correlated
with deposited fine sediment coverage in all four countries (Figure 4;
full statistical outputs available in Table S2 in Data S2). The correla-
tions were strongest for Australia, with EPT richness and fine sedi-
ment coverage being the strongest pairwise correlation across all
combinations. Overall, at the family-level taxonomic resolution, the
UK had the highest EPT richness compared with all other regions,
whilst in New Zealand, both the lowest number of taxa (across all
orders) and EPT richness (Figure S1 in Data S2) were recorded. In
Brazil, the lowest EPT index scores were found despite taxonomic
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FIGURE 1 Taxonomic (taxa) and functional (traits) change in invertebrate communities across a deposited fine sediment gradient (% visual
cover) as identified by Gradient Forest analysis. Split density importance (grey bars) shown on secondary y axis (right hand side). Points along
the gradient where the ratio of densities >1 indicate areas where compositional change is highest compared with the turnover occurring
elsewhere across the gradient, thus indicating community threshold points.
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FIGURE 2 Observed sumz- (red) and sumz+ (blue) maxima (i.e.,
change points) identified by Threshold Indicator Taxa ANalysis
(TITAN) for taxonomic (taxa) and functional (traits) measures of
communities. Peak change points indicated as circles, with 5th and
95th percentile distributions as horizontal lines. Change points are
filtered to include only pure and reliable taxa/traits.

richness being the highest, indicating the sites are taxonomically rich
but with a low proportion of EPT taxa. Taxonomic richness was sig-
nificantly correlated with deposited fine sediment coverage in three
countries, in a negative fashion in Australia and Brazil, but positively
in the UK. Simpson's diversity index was overall poorly correlated
with deposited fine sediment, with a significant negative correlation
for only one country (Brazil). Multiple functional indices were signifi-
cantly correlated with fine sediment in Australia and New Zealand,
but only FRic demonstrated a significant correlation for the UK and
no significant correlations were observed in Brazil (Figure 4).

Overall, our findings demonstrate that based on indicator taxa as
identified by TITAN (i.e., either z- or z+), taxonomic change in Brazil
appeared to be driven by negatively responding taxa, whereas the
UK was driven by positively responding taxa (Table 1). New Zealand
and Australia demonstrated a more even spilt between negatively
and positively responding taxa. Functional change identified by
TITAN indicator traits found a greater proportion of positively re-
sponding traits in the UK, with Australia and New Zealand composi-
tional change being driven by negatively responding traits (Table 2).
Brazil demonstrated the same proportion (33%) of negatively and
positively responding traits (Table 2). Considering GF analysis, a
low proportion of taxa or traits were identified in Brazil indicating
that the compositional change of only a few taxa (2%)/traits (5%)
could be predicted by the deposited fine sediment gradient, whilst
Australia demonstrated a high proportion of traits (82%) associ-
ated with compositional change over the fine sediment gradient
(Table 2;Tables S3-S11 in Data S2 for full results).

4 | DISCUSSION

Excess fine sediment deposition is a pervasive stressor in aquatic en-
vironments causing complex, often nonlinear, impacts on freshwater
communities. Most existing research quantifying ecological thresh-
old responses to deposited fine sediment is based on small spatial
scales (e.g., Larsen et al., 2009). We have, for the first time, quanti-
fied at what point along the gradient of % deposited fine sediment
cover, disproportionately large impacts occur for invertebrate com-
munities across multiple continents. Compared with other gradients
(e.g., urbanisation and glacier loss) in which consistent responses
are evident across multiple geographic regions (Brown et al., 2018;
Chen & Olden, 2020), the results of our study suggest that biotic
responses to deposited fine sediment are dependent on both the
region and the facet of the invertebrate community (e.g., taxonomic
or functional) considered.

The most consistent responses to fine sediment were evident
for Australia and the UK. For Australia, fine sediment appeared to
cause the most severe taxonomic changes when the sediment cov-
erage was low (i.e., <25%). In contrast to the UK, widespread con-
version of forested land to agriculture has only occurred relatively
recently in Australia, since European colonisation in the late 18th
century, with the greatest rates of forest loss and degradation occur-
ring since the 1970s (Allen, 1999; Bradshaw, 2012). This more recent
land use change may have resulted in a greater number of extant
sensitive species in Australia relative to the UK, thus driving a strong
community response at low deposited sediment % cover. Despite
a similar timescale of land conversion occurring in New Zealand as
in Australia, agricultural land cover in the sampled catchments was
greater than in Australia (Table S2 in Data S1), likely resulting in
invertebrate communities composed of taxa more tolerant to fine
sediment from continuous exposure (similar to the UK and Brazil). In
New Zealand, a large proportion of sampled sites were at the high
end of the deposited fine sediment coverage range (Figure S1 in
Data S1), and overall lower numbers of pollution-sensitive EPT taxa
were found in this region compared to other countries (Figure S2 in
Data S2). As such, it may explain why, for New Zealand, we found the
greatest rate of community change for both the taxonomic and func-
tional responses to be at the higher end of the deposited sediment
gradient. This suggests that for the stream types sampled, environ-
mental filtering has already taken place. In other words, the taxa/
trait communities have been filtered by the prevailing environmental
conditions which we speculate could be associated with pervasive
and longstanding fine sediment inputs. However, the wide confi-
dence intervals for the change points identified by TITAN in New
Zealand suggest uncertainty of a specific community threshold point
and an ambiguous ecological response to fine sediment which may
reflect context specificity of fine sediment stress.

Taxonomic and functional responses in Brazil were either poorly
related or unaffected by fine sediment. Although the threshold
points identified by GF were at low deposited fine sediment cov-
erage, only two taxa demonstrated positive R? values in the model.
Therefore, these threshold points represent the turnover of two of
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102 taxa in total (Table 1; Tables S3 and S4 in Data S2). Whilst this
finding could be attributed to the lower sample size (with Brazil rep-
resenting the smallest data set), this is highly unlikely because New
Zealand and the UK vyielded a similar number of taxa indicative of
deposited fine sediment (across all three analyses) despite the size
of the UK data set being an order of magnitude greater than for
New Zealand. It is more plausible that the rivers studied in Brazil
generally contained naturally high levels of deposited fine sediment
(the highest in our study, Figure S1 in Data S2) due to most rivers in
the Cerrado Biome flowing over highly erodible sedimentary rocks
(Macedo et al., 2014). As such, it is highly likely the community was
pre-adapted to higher fine sediment loads and therefore did not ex-
hibit abrupt changes in taxonomic composition across the gradient.

Indeed, Brazil supported the lowest EPT index value of all coun-

tries, confirming the presence of a community dominated by taxa

-04-0.2 0.0 0.2

EPT richness
EPT index
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FIGURE 4 Correlation matrix for taxonomic and functional
indices of community composition with deposited fine sediment (%
visual cover) for each country. Colour ramp indicates Spearman's
rank correlation coefficient. Only significant pairwise correlations
(p<.05) are presented (Holm-Bonferroni corrected).

Analysis Community Australia Brazil
TITAN Taxa z- 30% 30%
z+ 39% 5%
Traits z—- 62% 33%
z+ 38% 33%
Gradient Forest Taxa 32% 2%

Traits 82% 5%

more tolerant of fine sediment in turn driving the higher identified
threshold.

Excessive fine sediment deposition is of particular concern in
lowland gravel-bed rivers where relatively stable seasonal flow re-
gimes (often exacerbated by groundwater abstraction), coupled
with an increase in arable farming, has resulted in these rivers being
most at risk of fine sediment accumulation (Naden et al., 2016).
Meanwhile, coarse-bed rivers dominated by run-off in upland sites
maintain naturally lower levels of fine sediment. In our study, inver-
tebrate communities in the UK showed some resilience to deposited
fine sediment and most significant taxonomic changes occurred in
the range of 30%-50% cover. However, this result should be in-
terpreted with some caution, as these threshold values could ex-
ceed the tolerances of some communities and the implications of
fine sediment deposition are likely to be context specific (Mathers
et al., 2022). Sampling sites in all countries were biased towards low-
land areas (relative to the number of upland sites sampled; Table S2
in Data S1), and weaker ecological responses to deposited fine sed-
iment in lowland rivers have been recorded at both the community
(Mathers et al., 2022; Matthaei et al., 2006) and the species level
(Conroy et al., 2018). This suggests both environmental filtering of
taxa in lowland areas and potentially some plasticity in response to
deposited fine sediment. Thus, lowland species may be naturally less
sensitive due to their continued exposure. Therefore, the thresh-
olds identified in our study may potentially be too high for ecolog-
ically important taxa found in upland rivers globally. It is therefore
likely that a context-specific approach to fine sediment thresholds
is needed and further assessment encompassing a range of river
typologies is required (e.g. as in New Zealand's policy; Ministry for
the Environment, 2020). To address the threat of excessive fine sed-
iment deposition, field and experimental studies are needed that
span a range of stream typologies (encompassing different geolo-
gies and flow regimes) and depositional/erosional sedimentation
processes (saltation, suspension, bedload and clogging), to allow
the influence of abiotic and biotic factors to be evaluated. This ap-
proach may warrant cross-country/eco-region collaboration as has
been successfully undertaken for other ecosystem processes (e.g.,
Chauvet et al., 2016).

In most cases, the functional trait thresholds for deposited
fine sediment were higher than the taxonomic thresholds. This re-
sult likely highlights the extent of functional redundancy, whereby
other persistent taxa fulfil similar functional roles to taxa that are

TABLE 2 Percentage of individual taxa
or trait modalities identified as indicators
of deposited fine sediment across analysis

New
Zealand UK

19% 17% methods: TITAN (pure and reliable taxa
30% 52% only where 295% of 999 bootstrap runs
are significantly different from a random

40% 29%

? ? distribution where p <.05) and Gradient
20% 52% Forest (R?>0).
21% 18%
45% 45%
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lost at low values of the gradient (Oliver et al., 2015). When con-
sidering thresholds by response group identity (i.e., z- and z+), taxa
responding positively generally demonstrated a higher threshold
than taxa responding negatively, whilst the opposite was true for
traits. A similar converse pattern in taxa and trait responses has
been demonstrated for flow thresholds (Monk et al., 2018), which
may represent an artefact of the fuzzy coding of traits typically em-
ployed, with positively responding taxa increasing in occurrence and
abundance before negatively responding taxa are completely lost.
As selection pressures do not act on single traits, but on organisms
possessing many interacting traits (Verberk et al., 2013), this pat-
tern may also represent associated traits increasing or decreasing
in their frequency of occurrence without being directly affected
by the stressor. Moreover, the wide confidence intervals recorded
here in all geographical regions suggest that functional responses to
fine sediment are equivocal, with trait categories potentially failing
to capture the mechanisms behind sensitivity (Wilkes et al., 2017).
This is further evidenced with the response of functional community
metrics across all geographic regions being inconsistent, implying
that we should not use these metrics as indicators of fine sediment
pressure with confidence. Two individual functional traits, feeding
mode of herbivore and respiration via gills, consistently responded
negatively to fine sediment in all four countries. Both these traits
(and many others) have been cited as demonstrating variable results
in a number of studies (see Murphy et al., 2017; Wilkes et al., 2017
for summaries). However, our study is the first to incorporate a large
spatial scale and a wide range of fine sediment cover in each coun-
try; thus, our findings potentially suggest these two traits could
represent mechanistic response traits. When all taxonomic metrics
were considered, indices based on EPT groups were consistently the
strongest indicators of fine sediment pressure across all countries,
supporting existing evidence of the efficacy of this metric in the ab-
sence of sediment-specific indices (Conroy et al., 2016b; McKenzie
etal., 2022a).

Our findings suggest that there are varying levels of corre-
spondence between the taxonomic and functional biodiversity
facets along the deposited fine sediment gradient. Given the
possible explanation of landscape filtering effects for our find-
ings, we conclude that understanding regional context and his-
torical land management practices are important in determining
the response of communities to fine sediment gradients (Chen &
Olden, 2020; Firmiano, Canedo-Arglelles, et al., 2021; Firmiano,
Castro, et al.,, 2021; Mathers et al., 2022). The application of
meaningful deposited fine sediment targets continues to draw sci-
entific debate and recommendations for the development of any
future guidelines should focus on the implementation of a holis-
tic approach such as the inclusion of catchment drivers, sediment
regimes and channel morphology, coupled with ecologically rel-
evant responses (Collins et al., 2011; Mondon et al., 2021). The
significance of fine sediment as a global stressor has repercus-
sions beyond in-stream ecological degradation, with management
considerations interconnected with future development and food
security policies. When coupled with the implications of climate
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change, excess fine sediment stress remains a topic that requires
significant attention from academics and environment managers.
Our findings provide an important step towards a global perspec-

tive of this important issue.

AUTHOR CONTRIBUTIONS

Morwenna McKenzie: Conceptualization; data curation; formal anal-
ysis; investigation; methodology; visualization; writing - original draft;
writing - review and editing. Andrew Brooks: Investigation; writing -
review and editing. Marcos Callisto: Investigation; writing - review
and editing. Adrian L. Collins: Investigation; writing - review and ed-
iting. Jessica M. Durkota: Investigation; writing - review and editing.
Russell G. Death: Investigation; writing - review and editing. J. lwan
Jones: Investigation; writing - review and editing. Marden S. Linares:
Investigation; writing - review and editing. Christoph D. Matthaei:
Investigation; writing - review and editing. Wendy A. Monk: Writing -
review and editing. John F. Murphy: Investigation; writing -
review and editing. Annika Wagenhoff: Investigation; writing -
review and editing. Martin Wilkes: Methodology; writing - review
and editing. Paul J. Wood: Methodology; writing - review and edit-
ing. Kate L. Mathers: Conceptualization; funding acquisition; inves-
tigation; methodology; project administration; supervision; writing
- original draft; writing - review and editing.

ACKNOWLEDGEMENTS

This work was undertaken within the framework of a UKRI
(UK Research and Innovation) Future Leaders Fellowship (MR/
T017856/1) awarded to KLM. We thank Kai Chen for assistance
with the identification of threshold points from Gradient Forest
models and Stefan Kunz for assistance with the trait database. The
contribution of ALC to this paper was funded by the UKRI-BBSRC
(Biotechnology and Biological Sciences Research Council) institute
strategic programme Resilient Farming Futures (grant code BB/
X010961/1). The views expressed in this manuscript are those of
the authors and do not necessarily represent the views or policies
of the Environment Agency. For acknowledgments pertaining to the
data underlying the analyses see Data S1. We thank Stefano Larsen
and one anonymous reviewer for their comments which greatly im-

proved the clarity of the draft paper.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are openly available
in Loughborough University repository at http://doi.org/10.17028/
rd.lboro.24615570.

ORCID

Morwenna McKenzie "= https://orcid.org/0000-0001-8906-4286

https://orcid.org/0000-0003-2341-4700
https://orcid.org/0000-0002-0556-6770

https://orcid.org/0000-0003-3741-1439

Marcos Callisto
Jessica M. Durkota
Kate L. Mathers


https://doi.org/10.17028/rd.lboro.24615570
https://doi.org/10.17028/rd.lboro.24615570
https://orcid.org/0000-0001-8906-4286
https://orcid.org/0000-0001-8906-4286
https://orcid.org/0000-0003-2341-4700
https://orcid.org/0000-0003-2341-4700
https://orcid.org/0000-0002-0556-6770
https://orcid.org/0000-0002-0556-6770
https://orcid.org/0000-0003-3741-1439
https://orcid.org/0000-0003-3741-1439

MCcKENZIE T AL.

10 of 13
—I—Wl B2 Global Change Biology

REFERENCES

Agra, J., Ligeiro, R., Heino, J., Macedo, D. R., Castro, D. M. P, Linares,
M. S., & Callisto, M. (2021). Anthropogenic disturbances alter the
relationships between environmental heterogeneity and biodiver-
sity of stream insects. Ecological Indicators, 121, 107079. https://
doi.org/10.1016/j.ecolind.2020.107079

Allen, R. C. (1999). Tracking the agricultural revolution in England.
Economic History Review, 52(2), 209-235.

Baker, M. E., & King, R. S. (2013). Of TITAN and straw men: An appeal
for greater understanding of community data. Freshwater Science,
32(2), 489-506. https://doi.org/10.1899/12-142.1

Baker, M. E., King, R. S., & Kahle, D. (2015). Package “TITAN2": Threshold
indicator taxa analysis. R package version 2.1.

Borchers, H. W. (2019). Package ‘pracma’. Practical numerical math func-
tions, version 2.2.5.

Bradshaw, C. J. A. (2012). Little left to lose: Deforestation and forest
degradation in Australia since European colonization. Journal of
Plant Ecology, 5(1), 109-120. https://doi.org/10.1093/jpe/rtr038

Breiman, L. (2001). Random forests. Machine Learning, 45(1), 5-32.
https://doi.org/10.1023/A:1010933404324

Brown, L. E., Aspray, K. L., Ledger, M. E., Mainstone, C., Palmer, S. M.,
Wilkes, M., & Holden, J. (2019). Sediment deposition from erod-
ing peatlands alters headwater invertebrate biodiversity. Global
Change Biology, 25(2), 602-619. https://doi.org/10.1111/gcb.14516

Brown, L. E., Khamis, K., Wilkes, M., Blaen, P., Brittain, J. E., Carrivick, J. L.,
Fell, S., Friberg, N., Fureder, L., Gislason, G. M., Hainie, S., Hannah,
D. M., James, W. H. M., Lencioni, V., Olafsson, J. S., Robinson, C.
T., Saltveit, S. J., Thompson, C., & Milner, A. M. (2018). Functional
diversity and community assembly of river invertebrates show
globally consistent responses to decreasing glacier cover. Nature
Ecology and Evolution, 2(2), 325-333. https://doi.org/10.1038/
s41559-017-0426-x

Burdon, F. J., McIntosh, A. R., & Harding, J. S. (2013). Habitat loss drives
threshold response of benthic invertebrate communities to depos-
ited sediment in agricultural streams. Ecological Applications, 23(5),
1036-1047. https://doi.org/10.1890/12-1190.1

Burt, T., Boardman, J., Foster, ., & Howden, N. (2016). More rain, less
soil: Long-term changes in rainfall intensity with climate change.
Earth Surface Processes and Landforms, 41(4), 563-566. https://doi.
org/10.1002/esp.3868

Cadotte, M. W., Carscadden, K., & Mirotchnick, N. (2011). Beyond spe-
cies: Functional diversity and the maintenance of ecological pro-
cesses and services. Journal of Applied Ecology, 48(5), 1079-1087.
https://doi.org/10.1111/j.1365-2664.2011.02048.x

Callisto, M., Macedo, D. R., Linares, M. S., & Hughes, R. M. (2019).
Multi-status and multi-spatial scale assessment of landscape ef-
fects on benthic macroinvertebrates in the neotropical savanna.
In R. M. Hughes, D. M. Infante, L. Wang, K. Chen, & B. F. Terra
(Eds.), Advances in understanding landscape influences on freshwater
habitats and biological assemblages. Symposium 90 (pp. 275-302).
American Fisheries Society.

Castro, D. M. P, da Silva, P. G,, Solar, R., & Callisto, M. (2020). Unveiling
patterns of taxonomic and functional diversities of stream insects
across four spatial scales in the neotropical savanna. Ecological
Indicators, 118, 106769. https://doi.org/10.1016/j.ecolind.2020.
106769

Castro, D. M. P,, Dolédec, S., & Callisto, M. (2017). Landscape variables
influence taxonomic and trait composition of insect assemblages in
neotropical savanna streams. Freshwater Biology, 62(8), 1472-1486.
https://doi.org/10.1111/fwb.12961

Castro, D. M. P, Dolédec, S., & Callisto, M. (2018). Land cover distur-
bance homogenizes aquatic insect functional structure in neotropi-
cal savanna streams. Ecological Indicators, 84, 573-582. https://doi.
org/10.1016/j.ecolind.2017.09.030

Chauvet, E., Ferreira, V., Giller, P. S., McKie, B. G., Tiegs, S. D,
Woodward, G., Elosegi, A., Dobson, M., Fleituch, T., Graca, M.
A., Gulis, V., Sally, H., Lacoursiére Jean, O., Antoine, L., Jesus, P.,
Elena, P, Miira, R., Geta, R., Angheluta, V., ... Gessner Marc, O.
(2016). Litter decomposition as an indicator of stream ecosys-
tem functioning at local-to-continental scales: Insights from the
European RivFunction project. Advances in Ecological Research,
55,99-182.

Chen, K., & Olden, J. D. (2020). Threshold responses of riverine fish
communities to land use conversion across regions of the world.
Global Change Biology, 26(9), 4952-4965. https://doi.org/10.1111/
gch.15251

Collins, A. L., Anthony, S. G., Hawley, J., & Turner, T. (2009). Predicting
potential change in agricultural sediment inputs to rivers across
England and Wales by 2015. Marine and Freshwater Research, 60(7),
626-637. https://doi.org/10.1071/mf08033

Collins, A. L., Naden, P. S., Sear, D. A,, Jones, J. |, Foster, I. D. L., &
Morrow, K. (2011). Sediment targets for informing river catchment
management: International experience and prospects. Hydrological
Processes, 25(13), 2112-2129. https://doi.org/10.1002/hyp.7965

Compton, T. J,, Bowden, D. A., Roland Pitcher, C., Hewitt, J. E., & Ellis,
N. (2013). Biophysical patterns in benthic assemblage composition
across contrasting continental margins off New Zealand. Journal of
Biogeography, 40(1), 75-89. https://doi.org/10.1111/j.1365-2699.
2012.02761.x

Conroy, E., Turner, J., Rymszewicz, A., Bruen, M., O'Sullivan, J., & Kelly-
Quinn, M. (2016a). An evaluation of visual and measurement-based
methods for estimating deposited fine sediment. International
Journal of Sediment Research, 31(4), 368-375. https://doi.org/10.
1016/j.ijsrc.2016.04.002

Conroy, E., Turner, J., Rymszewicz, A., Bruen, M., O'Sullivan, J., Lawler,
D., Lally, H., & Kelly-Quinn, M. (2016b). Evaluating the relationship
between biotic and sediment metrics using mesocosms and field
studies. Science of the Total Environment, 568, 1092-1101. https://
doi.org/10.1016/j.scitotenv.2016.06.168

Conroy, E., Turner, J. N., Rymszewicz, A., Bruen, M., O'Sullivan, J. J,,
Lawler, D. M., Stafford, S., & Kelly-Quinn, M. (2018). Further in-
sights into the responses of macroinvertebrate species to burial by
sediment. Hydrobiologia, 805(1), 399-411. https://doi.org/10.1007/
s10750-017-3328-7

Culp, J. M., Armanini, D. G., Dunbar, M. J,, Orlofske, J. M., Poff, N. L.,
Pollard, A. ., Yates, A. G., & Hose, G. C. (2011). Incorporating traits
in aquatic biomonitoring to enhance causal diagnosis and predic-
tion. Integrated Environmental Assessment and Management, 7(2),
187-197. https://doi.org/10.1002/ieam.128

D'Amario, S. C., Rearick, D. C., Fasching, C., Kembel, S. W., Porter-Goff,
E., Spooner, D. E., Williams, C. J., Wilson, H. F., & Xenopoulos, M. A.
(2019). The prevalence of nonlinearity and detection of ecological
breakpoints across a land use gradient in streams. Scientific Reports,
9(1), 3878. https://doi.org/10.1038/s41598-019-40349-4

Descloux, S., Datry, T., & Usseglio-Polatera, P. (2014). Trait-based
structure of invertebrates along a gradient of sediment colma-
tion: Benthos versus hyporheos responses. Science of the Total
Environment, 466-467, 265-276. https://doi.org/10.1016/j.scito
tenv.2013.06.082

Diaz, S., Purvis, A., Cornelissen, J. H. C., Mace, G. M., Donoghue, M. J.,
Ewers, R. M., Jordano, P., & Pearse, W. D. (2013). Functional traits,
the phylogeny of function, and ecosystem service vulnerability.
Ecology and Evolution, 3(9), 2958-2975. https://doi.org/10.1002/
ece3.601

Directive 2000/60/EC of the European Parliament and of the Council.
(2000). Establishing a framework for the community action in
the field of water policy. Official Journal L. L327 the European
Parliament and the Council of the European Union. Brussels,
Belgium. https://doi.org/10.1039/ap9842100196


https://doi.org/10.1016/j.ecolind.2020.107079
https://doi.org/10.1016/j.ecolind.2020.107079
https://doi.org/10.1899/12-142.1
https://doi.org/10.1093/jpe/rtr038
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1111/gcb.14516
https://doi.org/10.1038/s41559-017-0426-x
https://doi.org/10.1038/s41559-017-0426-x
https://doi.org/10.1890/12-1190.1
https://doi.org/10.1002/esp.3868
https://doi.org/10.1002/esp.3868
https://doi.org/10.1111/j.1365-2664.2011.02048.x
https://doi.org/10.1016/j.ecolind.2020.106769
https://doi.org/10.1016/j.ecolind.2020.106769
https://doi.org/10.1111/fwb.12961
https://doi.org/10.1016/j.ecolind.2017.09.030
https://doi.org/10.1016/j.ecolind.2017.09.030
https://doi.org/10.1111/gcb.15251
https://doi.org/10.1111/gcb.15251
https://doi.org/10.1071/mf08033
https://doi.org/10.1002/hyp.7965
https://doi.org/10.1111/j.1365-2699.2012.02761.x
https://doi.org/10.1111/j.1365-2699.2012.02761.x
https://doi.org/10.1016/j.ijsrc.2016.04.002
https://doi.org/10.1016/j.ijsrc.2016.04.002
https://doi.org/10.1016/j.scitotenv.2016.06.168
https://doi.org/10.1016/j.scitotenv.2016.06.168
https://doi.org/10.1007/s10750-017-3328-7
https://doi.org/10.1007/s10750-017-3328-7
https://doi.org/10.1002/ieam.128
https://doi.org/10.1038/s41598-019-40349-4
https://doi.org/10.1016/j.scitotenv.2013.06.082
https://doi.org/10.1016/j.scitotenv.2013.06.082
https://doi.org/10.1002/ece3.601
https://doi.org/10.1002/ece3.601
https://doi.org/10.1039/ap9842100196

MCcKENZIE ET AL.

Dubuis, R., & De Cesare, G. (2023). The clogging of riverbeds: A review of
the physical processes. Earth-Science Reviews, 239, 104374. https://
doi.org/10.1016/j.earscirev.2023.104374

Dudgeon, D. (2019). Multiple threats imperil freshwater biodiversity in
the Anthropocene. Current Biology, 29(19), R960-R967. https://doi.
org/10.1016/j.cub.2019.08.002

Ellis, N., Smith, S. J., & Pitcher, C. R. (2012). Gradient forests: Calculating
importance gradients on physical predictors. Ecology, 93(1), 156-
168. https://doi.org/10.1890/11-0252.1

Environment Agency. (2021). Ecology & fish data explorer. https://envir
onment.data.gov.uk/ecology/explorer/

Everall, N. C., Johnson, M. F., Wood, P., Farmer, A., Wilby, R. L., &
Measham, N. (2017). Comparability of macroinvertebrate biomon-
itoring indices of river health derived from semi-quantitative and
quantitative methodologies. Ecological Indicators, 78, 437-448.
https://doi.org/10.1016/j.ecolind.2017.03.040

Firmiano, K. R., Canedo-Argiielles, M., Gutiérrez-Canovas, C., Macedo,
D. R, Linares, M. S., Bonada, N., & Callisto, M. (2021). Land use and
local environment affect macroinvertebrate metacommunity orga-
nization in neotropical stream networks. Journal of Biogeography,
48, 479-491. https://doi.org/10.1111/jbi.14020

Firmiano, K. R., Castro, D. M. P., Linares, M. S., & Callisto, M. (2021).
Functional responses of aquatic invertebrates to anthropogenic
stressors in riparian zones of neotropical savanna streams. Science
of the Total Environment, 753, 141865. https://doi.org/10.1016/j.
scitotenv.2020.141865

Floury, M., Usseglio-Polatera, P., Delattre, C., & Souchon, Y. (2017).
Assessing long-term effects of multiple, potentially confounded
drivers in ecosystems from species traits. Global Change Biology,
23(6), 2297-2307. https://doi.org/10.1111/gcb.13575

Foster, I. D. L., Collins, A. L., Naden, P. S., Sear, D. A., Jones, J. |, & Zhang,
Y. (2011). The potential for paleolimnology to determine historic
sediment delivery to rivers. Journal of Paleolimnology, 45(2), 287-
306. https://doi.org/10.1007/s10933-011-9498-9

Gieswein, A., Hering, D., & Lorenz, A. W. (2019). Development and vali-
dation of a macroinvertebrate-based biomonitoring tool to assess
fine sediment impact in small mountain streams. Science of the Total
Environment, 652, 1290-1301. https://doi.org/10.1016/j.scitotenv.
2018.10.180

Groffman, P. M., Baron, J.S., Blett, T., Gold, A. J.,, Goodman, |., Gunderson,
L. H,, Levinson, B. M., Palmer, M. A, Paerl, H. W., Peterson, G. D.,
Poff, N. L. R., Rejeski, D. W., Reynolds, J. F., Turner, M. G., Weathers,
K. C., & Wiens, J. (2006). Ecological thresholds: The key to success-
ful environmental management or an important concept with no
practical application? Ecosystems, 9(1), 1-13. https://doi.org/10.
1007/s10021-003-0142-z/figures/3

Higgins, J., Zablocki, J., Newsock, A., Krolopp, A., Tabas, P., & Salama, M.
(2021). Durable freshwater protection: A framework for establish-
ing and maintaining long-term protection for freshwater ecosys-
tems and the values they sustain. Sustainability, 13, 1950. https://
doi.org/10.3390/s5u13041950

Hillebrand, H., Donohue, |., Harpole, W. S., Hodapp, D., Kucera, M.,
Lewandowska, A. M., Merder, J., Montoya, J. M., & Freund, J. A.
(2020). Thresholds for ecological responses to global change do not
emerge from empirical data. Nature Ecology & Evolution, 4, 1502-
1509. https://doi.org/10.1038/541559-020-1256-9

Hillebrand, H., Donohue, |., Harpole, W. S., Hodapp, D., Kucera, M.,
Lewandowska, A. M., Merder, J., Montoya, J. M., & Freund, J. A.
(2021). Reply to: Empirical pressure-response relations can bene-
fit assessment of safe operating spaces. Nature Ecology & Evolution,
5(8), 1080-1081. https://doi.org/10.1038/s41559-021-01484-2

Holm, S. (1979). A simple sequentially rejective multiple test procedure.
Scandinavian Journal of Statistics, 6(2), 65-70.

Hunter, H. (2020). The effect of landuse and geology on macroinverterbate
communities in east coast streams, Gisborne. Massey University.

110f13
% Global Change Biology ga%YA § B =A%

Jones, J. I., Murphy, J. F., Anthony, S. G,, Arnold, A., Blackburn, J. H.,
Duerdoth, C. P.,, Hawczak, A., Hughes, G. O., Pretty, J. L., Scarlett,
P.M., Gooday, R. D., Zhang, Y. S., Fawcett, L. E., Simpson, D., Turner,
A. W. B, Naden, P. S., & Skates, J. (2017). Do agri-environment
schemes result inimproved water quality? Journal of Applied Ecology,
54(2), 537-546. https://doi.org/10.1111/1365-2664.12780

Kaller, M. D., & Hartman, K. J. (2004). Evidence of a threshold level of
fine sediment accumulation for altering benthic macroinvertebrate
communities. Hydrobiologia, 518(1), 95-104. https://doi.org/10.
1023/b:hydr.0000025059.82197.35

Khamis, K., Hannah, D. M., Brown, L. E., Tiberti, R., & Milner, A. M.
(2014). The use of invertebrates as indicators of environmental
change in alpine rivers and lakes. Science of the Total Environment,
493, 1242-1254. https://doi.org/10.1016/j.scitotenv.2014.02.126

King, R. S., & Baker, M. E. (2010). Considerations for analyzing ecological
community thresholds in response to anthropogenic environmental
gradients. Journal of the North American Benthological Society, 29(3),
998-1008. https://doi.org/10.1899/09-144.1

King, R. S., Scoggins, M., & Porras, A. (2016). Stream biodiversity is dis-
proportionately lost to urbanization when flow permanence de-
clines: Evidence from southwestern North America. Freshwater
Science, 35(1), 340-352. https://doi.org/10.1086/684943

Kunz, S., Kefford, B. J., Schmidt-Kloiber, A., Matthaei, C. D., Usseglio-
Polatera, P., Graf, W., Poff, N. L. R., Metzeling, L., Twardochleb,
L., Hawkins, C. P., & Schéfer, R. B. (2022). Tackling inconsistencies
among freshwater invertebrate trait databases: Harmonising across
continents and aggregating taxonomic resolution. Freshwater
Biology, 67(2), 275-291. https://doi.org/10.1111/fwb.13840

Lade, S. J., Wang-Erlandsson, L., Staal, A., & Rocha, J. C. (2021). Empirical
pressure-response relations can benefit assessment of safe operat-
ing spaces. Nature Ecology & Evolution, 5(8), 1078-1079. https://doi.
org/10.1038/s41559-021-01481-5

Laliberté, E., Legendre, P., & Shipley, B. (2014). Package “FD”: Measuring
functional diversity from multiple traits, and other tools for functional
ecology. R package version 1.0-12.

Lange, K., Townsend, C. R., & Matthaei, C. D. (2014). Can biological traits
of stream invertebrates help disentangle the effects of multiple
stressors in an agricultural catchment? Freshwater Biology, 59(12),
2431-2446.

Larsen, S., Vaughan, I. P, & Ormerod, S. J. (2009). Scale-dependent ef-
fects of fine sediments on temperate headwater invertebrates.
Freshwater Biology, 54(1), 203-219.

Lencioni, V. (2018). Glacial influence and stream macroinvertebrate bio-
diversity under climate change: Lessons from the Southern Alps.
Science of the Total Environment, 622-623, 563-575. https://doi.
org/10.1016/j.scitotenv.2017.11.266

Macedo, D. R., Hughes, R. M., Kaufmann, P. R., & Callisto, M. (2018).
Development and validation of an environmental fragility index
(EF1) for the neotropical savannah biome. Science of the Total
Environment, 635, 1267-1279. https://doi.org/10.1016/j.scitotenv.
2018.04.216

Macedo, D. R., Hughes, R. M., Ligeiro, R., Ferreira, W. R., Castro, M. A.,
Junqueira, N. T., Oliveira, D. R., Firmiano, K. R., Kaufmann, P. R.,
Pompeu, P. S., & Callisto, M. (2014). The relative influence of catch-
ment and site variables on fish and macroinvertebrate richness
in Cerrado biome streams. Landscape Ecology, 29(6), 1001-1016.
https://doi.org/10.1007/s10980-014-0036-9/tables/3

Magbanua, F. S., Townsend, C. R., Blackwell, G. L., Phillips, N., &
Matthaei, C. D. (2010). Responses of stream macroinvertebrates
and ecosystem function to conventional, integrated and organic
farming. Journal of Applied Ecology, 47(5), 1014-1025. https://doi.
org/10.1111/j.1365-2664.2010.01859.x

Mathers, K. L., Doretto, A., Fenoglio, S., Hill, M. J., & Wood, P. J. (2022).
Temporal effects of fine sediment deposition on benthic macro-
invertebrate community structure, function and biodiversity


https://doi.org/10.1016/j.earscirev.2023.104374
https://doi.org/10.1016/j.earscirev.2023.104374
https://doi.org/10.1016/j.cub.2019.08.002
https://doi.org/10.1016/j.cub.2019.08.002
https://doi.org/10.1890/11-0252.1
https://environment.data.gov.uk/ecology/explorer/
https://environment.data.gov.uk/ecology/explorer/
https://doi.org/10.1016/j.ecolind.2017.03.040
https://doi.org/10.1111/jbi.14020
https://doi.org/10.1016/j.scitotenv.2020.141865
https://doi.org/10.1016/j.scitotenv.2020.141865
https://doi.org/10.1111/gcb.13575
https://doi.org/10.1007/s10933-011-9498-9
https://doi.org/10.1016/j.scitotenv.2018.10.180
https://doi.org/10.1016/j.scitotenv.2018.10.180
https://doi.org/10.1007/s10021-003-0142-z/figures/3
https://doi.org/10.1007/s10021-003-0142-z/figures/3
https://doi.org/10.3390/su13041950
https://doi.org/10.3390/su13041950
https://doi.org/10.1038/s41559-020-1256-9
https://doi.org/10.1038/s41559-021-01484-2
https://doi.org/10.1111/1365-2664.12780
https://doi.org/10.1023/b:hydr.0000025059.82197.35
https://doi.org/10.1023/b:hydr.0000025059.82197.35
https://doi.org/10.1016/j.scitotenv.2014.02.126
https://doi.org/10.1899/09-144.1
https://doi.org/10.1086/684943
https://doi.org/10.1111/fwb.13840
https://doi.org/10.1038/s41559-021-01481-5
https://doi.org/10.1038/s41559-021-01481-5
https://doi.org/10.1016/j.scitotenv.2017.11.266
https://doi.org/10.1016/j.scitotenv.2017.11.266
https://doi.org/10.1016/j.scitotenv.2018.04.216
https://doi.org/10.1016/j.scitotenv.2018.04.216
https://doi.org/10.1007/s10980-014-0036-9/tables/3
https://doi.org/10.1111/j.1365-2664.2010.01859.x
https://doi.org/10.1111/j.1365-2664.2010.01859.x

MCcKENZIE T AL.

12 of 13
—I—Wl B2 Global Change Biology

likely reflects landscape setting. Science of the Total Environment,
829, 154612. https://doi.org/10.1016/j.scitotenv.2022.154612

Mathers, K. L., Rice, S. P., & Wood, P. J. (2017). Temporal effects of en-
hanced fine sediment loading on macroinvertebrate community
structure and functional traits. Science of the Total Environment,
599-600, 513-522. https://doi.org/10.1016/j.scitotenv.2017.04.
096

Matthaei, C. D., Weller, F., Kelly, D. W., & Townsend, C. R. (2006). Impacts
of fine sediment addition to tussock, pasture, dairy and deer farm-
ing streams in New Zealand. Freshwater Biology, 51(11), 2154-2172.
https://doi.org/10.1111/j.1365-2427.2006.01643.x

May, R. M. (1977). Thresholds and breakpoints in ecosystems with a mul-
tiplicity of stable states. Nature, 269(5628), 471-477. https://doi.
org/10.1038/269471a0

McKenzie, M., England, J., Foster, I., & Wilkes, M. (2022a). Evaluating
the performance of taxonomic and trait-based biomonitoring ap-
proaches for fine sediment in the UK. Ecological Indicators, 134,
108502. https://doi.org/10.1016/j.ecolind.2021.108502

Mckenzie, M., England, J., Foster, I., & Wilkes, M. A. (2022b). Abiotic
predictors of fine sediment accumulation in lowland rivers.
International Journal of Sediment Research, 37, 128-137. https://doi.
org/10.1016/j.ijsrc.2021.06.003

Ministry for the Environment. (2020). National policy statement for fresh-
water management 2020 (as amended in 2023). Ministry for the
Environment.

Mondon, B., Sear, D. A, Collins, A. L., Shaw, P. J., & Sykes, T. (2021). The
scope for a system-based approach to determine fine sediment
targets for chalk streams. Catena, 206, 105541. https://doi.org/10.
1016/j.catena.2021.105541

Monk, W. A., Compson, Z. G., Armanini, D. G., Orlofske, J. M., Curry, C.
J., Peters, D. L., Crocker, J. B, & Baird, D. J. (2018). Flow velocity-
ecology thresholds in Canadian rivers: A comparison of trait and
taxonomy-based approaches. Freshwater Biology, 63(8), 891-905.
https://doi.org/10.1111/fwb.13030

Murphy, J. F., Jones, J. I, Arnold, A., Duerdoth, C. P., Pretty, J. L., Naden,
P.S., Sear, D. A., & Collins, A. L. (2017). Can macroinvertebrate bio-
logical traits indicate fine-grained sediment conditions in streams?
River Research and Applications, 33(10), 1606-1617. https://doi.org/
10.1002/rra.3194

Murphy, J.F., Jones, J. |., Pretty, J. L., Duerdoth, C. P., Hawczak, A., Arnold,
A., Blackburn, J. H., Naden, P. S., Old, G,, Sear, D. A., Hornby, D.,
Clarke, R. T., & Collins, A. L. (2015). Development of a biotic index
using stream macroinvertebrates to assess stress from deposited
fine sediment. Freshwater Biology, 60(10), 2019-2036. https://doi.
org/10.1111/fwb.12627

Naden, P. S., Murphy, J. F,, Old, G. H., Newman, J., Scarlett, P., Harman,
M., Duerdoth, C. P., Hawczak, A., Pretty, J. L., Arnold, A., Laizé,
C., Hornby, D. D., Collins, A. L., Sear, D. A., & Jones, J. |. (2016).
Understanding the controls on deposited fine sediment in the
streams of agricultural catchments. Science of the Total Environment,
547, 366-381. https://doi.org/10.1016/j.scitotenv.2015.12.079

New South Wales Department of Planning and Environment. (2018).
Aquatic macroinvertebrates of NSW (1994-ongoing). https://data.
gov.au

Oliver, T. H., Heard, M. S,, Isaac, N. J. B., Roy, D. B., Procter, D.,
Eigenbrod, F., Freckleton, R., Hector, A., Orme, C. D. L., Petchey,
O. L., Proenga, V., Raffaelli, D., Suttle, K. B., Mace, G. M., Martin-
Lépez, B., Woodcock, B. A., & Bullock, J. M. (2015). Biodiversity
and resilience of ecosystem functions. Trends in Ecology &
Evolution, 30(11), 673-684. https://doi.org/10.1016/j.tree.2015.
08.009

Owens, P. N., Batalla, R. J,, Collins, A. J., Gomez, B., Hicks, D. M.,
Horowitz, A. J., Kondolf, G. M., Marden, M., Page, M. J., Peacock, D.
H., Petticrew, E. L., Salomons, W., & Trustrum, N. A. (2005). Fine-
grained sediment in river systems: Environmental significance and

management issues. River Research and Applications, 21(7), 693-717.
https://doi.org/10.1002/rra.878

Paul, J. F.,, & McDonald, M. E. (2005). Development of empirical, geo-
graphically specific water quality criteria: A conditional proba-
bility analysis approach. Journal of the American Water Resources
Association, 41(5), 1211-1223. https://doi.org/10.1111/j.1752-
1688.2005.tb03795.x

Piggott, J. J., Townsend, C. R., & Matthaei, C. D. (2015). Climate warm-
ing and agricultural stressors interact to determine stream mac-
roinvertebrate community dynamics. Global Change Biology, 21(5),
1887-1906. https://doi.org/10.1111/gch.12861

Porter-Goff, E. R., Frost, P. C., & Xenopoulos, M. A. (2013). Changes in
riverine benthic diatom community structure along a chloride gra-
dient. Ecological Indicators, 32, 97-106. https://doi.org/10.1016/j.
ecolind.2013.03.017

R Development Core Team. (2022). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing.

Reid, A. J., Carlson, A. K., Creed, I. F,, Eliason, E. J,, Gell, P. A., Johnson,
P. T. J,, Kidd, K. A., Maccormack, T. J., Olden, J. D., Ormerod, S. J.,
Smol, J. P., Taylor, W. W., Tockner, K., Vermaire, J. C., Dudgeon, D.,
& Cooke, S. J. (2019). Emerging threats and persistent conserva-
tion challenges for freshwater biodiversity. Biological Reviews, 94,
849-873. https://doi.org/10.1111/brv.12480

Schaffer, M., Hellmann, C., Avlyush, S., & Borchardt, D. (2020). The key
role of increased fine sediment loading in shaping macroinverte-
brate communities along a multiple stressor gradient in a Eurasian
steppe river (Kharaa River, Mongolia). International Review of
Hydrobiology, 105(1-2), 5-19. https://doi.org/10.1002/iroh.20190
2007

Silva, D. R. O,, Herlihy, A. T., Hughes, R. M., Macedo, D. R., & Callisto,
M. (2018). Assessing the extent and relative risk of aquatic stress-
ors on stream macroinvertebrate assemblages in the neotropical
savanna. Science of the Total Environment, 633, 179-188. https://doi.
org/10.1016/j.scitotenv.2018.03.127

Silva, L. F. R., Castro, D. M. P,, Juen, L., Callisto, M., Hughes, R. M., &
Hermes, M. G. (2021). Functional responses of Odonata larvae to
human disturbances in neotropical savanna headwater streams.
Ecological Indicators, 133, 108367. https://doi.org/10.1016/j.ecoli
nd.2021.108367

Sonderegger, D. L., Wang, H., Clements, W. H., & Noon, B. R. (2009).
Using SiZer to detect thresholds in ecological data. Frontiers in
Ecology and the Environment, 7(4), 190-195. https://doi.org/10.
1890/070179

Stubbington, R., Sarremejane, R., Laini, A., Cid, N., Csabai, Z., England,
J., Munné, A., Aspin, T., Bonada, N., Bruno, D., Cauvy-Fraunie, S.,
Chadd, R., Dienstl, C., Fortuno Estrada, P., Graf, W., Gutiérrez-
Céanovas, C., House, A., Karaouzas, |., Kazila, E., ... Datry, T. (2022).
Disentangling responses to natural stressor and human impact gra-
dients in river ecosystems across Europe. Journal of Applied Ecology,
59(2), 537-548. https://doi.org/10.1111/1365-2664.14072

Turley, M. D., Bilotta, G. S., Krueger, T., Brazier, R. E., & Extence, C. A.
(2015). Developing an improved biomonitoring tool for fine sedi-
ment: Combining expert knowledge and empirical data. Ecological
Indicators, 54, 82-86. https://doi.org/10.1016/j.ecolind.2015.02.
011

Verberk, W. C. E. P,, van Noordwijk, C. G. E., & Hildrew, A. G. (2013).
Delivering on a promise: Integrating species traits to transform de-
scriptive community ecology into a predictive science. Freshwater
Science, 32, 531-547. https://doi.org/10.1899/12-092.1

Wagenhoff, A., Clapcott, J. E., Lau, K. E. M., Lewis, G. D., & Young, R.
G. (2017). Identifying congruence in stream assemblage thresholds
in response to nutrient and sediment gradients for limit setting.
Ecological Applications, 27, 469-484.

Wagenhoff, A., Townsend, C. R., Phillips, N., & Matthaei, C. D. (2011).
Subsidy-stress and multiple-stressor effects along gradients of


https://doi.org/10.1016/j.scitotenv.2022.154612
https://doi.org/10.1016/j.scitotenv.2017.04.096
https://doi.org/10.1016/j.scitotenv.2017.04.096
https://doi.org/10.1111/j.1365-2427.2006.01643.x
https://doi.org/10.1038/269471a0
https://doi.org/10.1038/269471a0
https://doi.org/10.1016/j.ecolind.2021.108502
https://doi.org/10.1016/j.ijsrc.2021.06.003
https://doi.org/10.1016/j.ijsrc.2021.06.003
https://doi.org/10.1016/j.catena.2021.105541
https://doi.org/10.1016/j.catena.2021.105541
https://doi.org/10.1111/fwb.13030
https://doi.org/10.1002/rra.3194
https://doi.org/10.1002/rra.3194
https://doi.org/10.1111/fwb.12627
https://doi.org/10.1111/fwb.12627
https://doi.org/10.1016/j.scitotenv.2015.12.079
https://data.gov.au
https://data.gov.au
https://doi.org/10.1016/j.tree.2015.08.009
https://doi.org/10.1016/j.tree.2015.08.009
https://doi.org/10.1002/rra.878
https://doi.org/10.1111/j.1752-1688.2005.tb03795.x
https://doi.org/10.1111/j.1752-1688.2005.tb03795.x
https://doi.org/10.1111/gcb.12861
https://doi.org/10.1016/j.ecolind.2013.03.017
https://doi.org/10.1016/j.ecolind.2013.03.017
https://doi.org/10.1111/brv.12480
https://doi.org/10.1002/iroh.201902007
https://doi.org/10.1002/iroh.201902007
https://doi.org/10.1016/j.scitotenv.2018.03.127
https://doi.org/10.1016/j.scitotenv.2018.03.127
https://doi.org/10.1016/j.ecolind.2021.108367
https://doi.org/10.1016/j.ecolind.2021.108367
https://doi.org/10.1890/070179
https://doi.org/10.1890/070179
https://doi.org/10.1111/1365-2664.14072
https://doi.org/10.1016/j.ecolind.2015.02.011
https://doi.org/10.1016/j.ecolind.2015.02.011
https://doi.org/10.1899/12-092.1

MCcKENZIE ET AL.

deposited fine sediment and dissolved nutrients in a regional set
of streams and rivers. Freshwater Biology, 56(9), 1916-1936. https://
doi.org/10.1111/j.1365-2427.2011.02619.x

Wharton, G., Mohajeri, S. H., & Righetti, M. (2017). The pernicious prob-
lem of streambed colmation: A multi-disciplinary reflection on the
mechanisms, causes, impacts, and management challenges. Wiley
Interdisciplinary Reviews: Water, 4(5), e1231. https://doi.org/10.
1002/wat2.1231

Wilkes, M. A., Mckenzie, M., Murphy, J. F., & Chadd, R. P. (2017).
Assessing the mechanistic basis for fine sediment biomonitor-
ing: Inconsistencies among the literature, traits and indices. River
Research and Applications, 33(10), 1618-1629. https://doi.org/10.
1002/rra.3139

Yarnell,S.M.,Mount, J. F., & Larsen, E. W.(2006). The influence of relative
sediment supply on riverine habitat heterogeneity. Geomorphology,
80(3-4), 310-324. https://doi.org/10.1016/j.geomorph.2006.03.
005

13 0of 13
= [Global Change Biology a\\YA § I DA%

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: McKenzie, M., Brooks, A., Callisto,
M., Collins, A. L., Durkota, J. M., Death, R. G., Jones, J. I.,
Linares, M. S., Matthaei, C. D., Monk, W. A., Murphy, J. F,,
Wagenhoff, A., Wilkes, M., Wood, P. J., & Mathers, K. L.
(2023). Freshwater invertebrate responses to fine sediment
stress: A multi-continent perspective. Global Change Biology,
30, €17084. https://doi.org/10.1111/gcb.17084



https://doi.org/10.1111/j.1365-2427.2011.02619.x
https://doi.org/10.1111/j.1365-2427.2011.02619.x
https://doi.org/10.1002/wat2.1231
https://doi.org/10.1002/wat2.1231
https://doi.org/10.1002/rra.3139
https://doi.org/10.1002/rra.3139
https://doi.org/10.1016/j.geomorph.2006.03.005
https://doi.org/10.1016/j.geomorph.2006.03.005
https://doi.org/10.1111/gcb.17084

