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Abstract. Connected ecosystems can be detrimentally affected by the same stressor, such as occurs when excess fine
sediment moves from streams into estuaries. However, no previous study has directly compared sedimentation effects
across these ecosystems. Responses of benthic macroinvertebrate communities to sedimentation were predicted to vary
between streams and estuaries, because of intersystem differences in the physical environment and representation of
species traits. To compare these responses, fine terrigenous sediment was added simultaneously to replicated plots in
stream-run habitats and the adjacent estuary. Although sediment addition to streams caused reduced invertebrate densities
after 1 week, no changes in taxon richness or consistent changes in community structure were detected, and densities had
recovered another week later. In contrast, sediment addition to estuarine sites caused large declines in invertebrate
densities and changes in community structure, which remained evident at the innermost sites 16 days after addition. Across
both systems, sedimentation effects were detectable only for some of the common taxa, and biological traits were not
predictive of effects. The potential for more severe effects in estuaries should be considered when predicting the
implications of land-use changes that may increase sedimentation, and when setting guidelines for maintaining stream and
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estuarine condition.
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Introduction

Fine sediment (inorganic particles with diameter <2 mm) and
other materials may be transported down slopes into water-
bodies as loose particles that are entrained in overland flow;
however, much of the sedimentation of streams occurs as pulsed
inputs via landslides of unconsolidated banks (Owens et al.
2005; Marden et al. 2006). Increased sedimentation of streams
and rivers has been shown to have detrimental effects on their
structure and function (e.g. Quinn et al. 1997; Dolédec et al.
2006; Matthaei et al. 2006). Depending on the flow regime,
slope and local bed composition, fine sediments can be flushed
downstream during high flows (Petticrew et al. 2007). From
coastal catchments, this sediment is then discharged into estu-
aries or directly onto the continental shelf, where further eco-
logical impacts may occur (Thrush ef al. 2004). Fine sediment
may flocculate in marine environments (Xu et al. 2008) and
persist for some time before being redistributed or buried by
waves and tidal action (Cummings et al. 2003; Hewitt et al.
2003). The capacity for dispersal of excess fine sediment in
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estuaries depends on local hydrodynamics (Norkko et al. 2002;
Hewitt et al. 2003) and the communities in both hard- and soft-
bottomed estuaries have been shown to be detrimentally
affected by pulses of high sediment loads (e.g. Airoldi 2003;
Hewitt et al. 2003; Thrush et al. 2003; Lohrer et al. 2004).

It is widely accepted that the ecosystems within catchments
and their adjacent coast should be treated as interconnected units
for effective management (e.g. Gordon 2007; Mercer Clarke
et al. 2008; Tallis et al. 2008). The amount of sediment
contributed to waterbodies from their surrounding catchments
depends on many natural factors, including climate, topography
and soils (Hicks et al. 2004; Owens et al. 2005). Changes in land
use can also result in significantly increased sediment delivery
to aquatic ecosystems. For example, agriculture, forestry, min-
ing, urbanisation and road construction all increase the amount
of exposed soil, as well as potentially reducing the stability of
stream banks and altering hydrologic cycles (e.g. Collier and
Winterbourn 2000; Thrush et al. 2004; Owens et al. 2005).
Assessment of sedimentation impacts across catchments
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Table 1. Functional species trait categories which were expected to be most affected by pulsed sedimentation and the predicted mechanisms
for effects on particular trait modalities
See Table S1 in Accessory Publication for full list of trait modalities within each trait category
Trait category Possible mechanisms for any observed sedimentation effect
Relative size Smaller animals may be more able to take advantage of refugia from sedimentation at microhabitat scales.
Body form Spherical animals may be least able to avoid smothering, whereas cylindrical animals (e.g. worms) may be able to burrow

into sediment.
Habitat preference

Near surface-dwelling taxa are likely to be more affected than deeper-burrowing taxa. Animals needing attachment sites are likely

to be most affected by coating of stable surfaces in unstable fine sediments.

Feeding habits

Filter-feeders are likely to be most affected by increased suspended sediment, which may clog their feeding structures. Grazers and

deposit-feeders may be most affected by smothering of their food sources. Predators and scavengers may benefit from decreased
fitness of prey, although prey may be harder to find as a result of higher turbidity.

Dietary specificity
Mobility

Dietary specialists are most likely to be affected by reductions in their specific food sources.
More mobile animals are able to move away initially and move back quickly (likely to reduce densities of these animals initially,

followed by rapid recovery as fine sediment is dispersed).

requires identification of both the links between ecosystems and
determination of thresholds for occurrence of ecologically
significant changes, such as alteration of the structure and
functioning of benthic communities. However, very few studies
have assessed the effects of human-induced changes across
ecosystems within a catchment (see Wall et al. 2005).

The aim of the present study was to determine the effects of
sediment addition on invertebrate communities in connected
streams and a soft-bottomed estuary, with the focus on effects on
benthic organisms, because these are most likely to be affected
by deposited sediment. In addition to measures that have
traditionally been used to assess effects of sedimentation on
invertebrate community structure (i.e. abundance, diversity and
multivariate ordination of community composition), we also
used a complementary approach of assessing changes in the
representation of different biological traits in each community.
Trait analysis combines structural (community composition)
and functional (trait) information by aggregating individuals
according to their biological traits, and has proven to be sensitive
to impacts of land-use change, including sedimentation of
streams (e.g. Richards et al. 1997; Dolédec et al. 2006; Town-
send et al. 2008; Thompson et al. 2009). Depending on their
suite of traits, sedimentation may detrimentally affect aquatic
invertebrates via direct smothering, reduced surface-habitat
heterogeneity, changes in fluxes of oxygen and nutrients,
reduced autotrophic production, and/or impaired feeding and
growth (Ryan 1991; Wood and Armitage 1997; Molinos and
Donohue 2009). Some benthic organisms benefit from increases
in the amount of fine sediment (e.g. Shaw and Richardson 2001;
Norkko et al. 2002; Matthaei et al. 2006). Changes in the
proportions of different taxa in communities may result in a
shift in the functioning of the ecosystem. Identification of
species traits that are particularly sensitive to environmental
stressors provides information about changes in ecosystem
function and may facilitate the exploration of underlying causal
mechanisms for those stressors that potentially exert multiple
effects on communities (Poff 1997; Richards et al. 1997), such
as excess sediment. A further advantage of species trait analysis
is that it can be used to compare changes in functional integrity
across systems that differ in their taxonomic composition.

To our knowledge, no previous study has assessed the relative
influence of sedimentation impacts on a wide suite of traits
across stream and estuarine communities.

We conducted a field experiment where layers of fine
sediment of the same type and thickness were added to plots
located in adjacent stream and estuarine sites (mimicking a
small-scale pulsed sedimentation event) within the same catch-
ment, so that responses of the systems could be directly
compared. Sediment addition was predicted to cause distur-
bances to benthic communities and be reflected in reductions in
both invertebrate abundances and richness, as well as changes in
the representation of certain biological traits (Table 1). Inverte-
brate communities in sediment-addition plots were predicted to
recover as the sediment was dispersed, with their structure
growing increasingly similar to that occurring in control plots.

Materials and methods
Site descriptions

Our study was conducted in Whangapoua Harbour and streams
in the surrounding catchment, on the eastern side of the Coro-
mandel Peninsula, North Island, New Zealand (Fig. 1). The
catchment covers ~42km? and is dominated by steep topog-
raphy with surface and subsurface soils of clay and yellow—
brown earths (Wright-Stow and Quinn 2009). The region is
frequently exposed to cyclonic storms, with high mean annual
rainfall (from ~2400 mm at ridge tops to ~1700mm in the
lower catchment) and highly variable stream flows (Boothroyd
et al. 2004; Wright-Stow and Quinn 2009). Whangapoua Har-
bour covers an area of ~13km®, enclosed by a sandspit, with
wind and wave action predominantly from the north-east
(Hewitt et al. 2003). It experiences semi-diurnal tidal cycles,
with an average range of 3 m, such that a large portion of the
harbour is exposed during low tides (Hewitt et al. 2003).
Three third-order stream sites and three estuary sites were
chosen for study. Two of the stream sites were located in the
Opitonui River, and one in the Awaroa Stream (Fig. 1). The
headwaters of the Opitonui River flow through native forest,
whereas those of the Awaroa Stream are in pine plantation forest.
Forest (either native or pine) occurs adjacent to all study reaches.
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Location of study sites on the eastern side of the Coromandel Peninsula, North Island, New Zealand. Stream

sites were in the Opitonui River (OPu, upstream, and OPd, downstream) and Awaroa Stream (AW), and estuarine sites
were located across a hydrodynamic gradient from inner to outer portions of the Whangapoua Harbour. Only those
streams discharging to the harbour are shown, and land-cover shading is only shown for the study catchment.

The estuary sites were in the inner, middle and outer harbour,
across a gradient from relatively low to relatively high tidal and
wave-induced hydrodynamic energy (Hewitt et al. 2003). All
estuary sites were located on the mid-intertidal sandflats and
experienced similar inundation periods of 3—4 h in a tidal cycle
(Hewitt et al. 2003; van Houte-Howes ef al. 2004).

Sediment addition

In the recent past, large amounts of terrigenous sediment have
been observed entering the aquatic environment during storms
in the region (Quinn ez al. 1995; Marden et al. 2006; J. Hewitt
and S. Thrush, pers. obs.). Sediment was added to experimental
plots to mimic the type and deposit thickness that frequently
occur in these ecosystems as a result of landslides and runoff
during such large storms.

The experiment was conducted over 16 days in austral spring
(from mid-November 2006). The terrigenous sediment was
predominantly composed of fine particles (diameter <2 mm,
see Zweig and Rabeni 2001) at the point of collection from land
within the catchment and comprised 7% small gravel (2—-8 mm),
14% coarse sand (500 pm —2mm), 10% medium sand
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(250-500 pm), 20% fine sand (63-250 pm), 39% silt

(3.9-63 pm) and 10% clay (<<3.9 um). Within each site across
both systems, this sediment was deposited onto five experimen-
tal plots to provide a layer ~5 mm thick. Manipulated plots were
selected randomly from amongst 10 plots, each ~5m? and at
least 5 m apart. The remaining plots served as controls.

In streams, all manipulated plots were located in the middle
of the channel in ‘run’ habitats (representative of the most
common habitats for streams in the region, and with hydraulic
conditions between those occurring in ‘riffles’ and ‘pools’).
A wooden diversion fence was erected on the upstream side of
each plot to reduce current velocity while adding sediment, and
removed after the sediment had settled onto the stream bed.
At estuary sites, sediment was added to plots during low tide.
Prior to addition, the sediment was mixed with seawater and
buffered to restore the pH of the mixture to that of seawater.
A metal ring (250-cm diameter, 5 cm high, pushed to a depth of
~2 cm into the substratum) was deployed around the boundaries
of each estuary plot to contain the added sediment. These rings
were also deployed around control plots, left in place over one
tidal cycle and then removed carefully.
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Physicochemical parameters

At the beginning of the experiment (Day 0), wetted channel
widths of stream reaches were measured across 10 equidistant
transects, and streambed surficial sediment particle sizes were
determined following Wolman (1954) by classifying Went-
worth scale sizes of 20 random particles per plot. At each stream
plot, near-bed velocity (Model PVM-2A Flow Velocity Meter,
Montedoro Whitney Inc., San Luis Obispo, CA, USA), electri-
cal conductivity, pH and water temperature (water quality
meter, Horiba, Kyoto, Japan) were measured on Days 0, 7 and
14. On the same days, the amounts of suspendable inorganic
sediment within each plot were determined from a water sample
collected after vigorously disturbing the streambed to a depth of
~5 cm within a 0.045-m? corer (Quinn ef al. 1997). The inor-
ganic fractions were determined by first measuring the weight of
samples dried at 60°C, then ashing the samples at 400°C and
reweighing. Masses of suspendable inorganic sediment per unit
area of streambed were calculated.

Within each estuarine plot, three small cores of surface
sediment (4.5 cm?® x 2 cm deep) were randomly collected and
pooled for analyses of particle size (Days 0, 7 and 15).
A representative 5-g subsample of this sediment was wet-sieved
into different-sized fractions (using mesh sizes of 2000, 500,
250, 150 and 63 pum), after digestion in 9% hydrogen peroxide to
remove organics and disperse small particles. Pipette analysis
was then used to separate the <63-um fraction into silt
(>9-63 um) and clay (<9 um) (Gatehouse 1971).

Invertebrate community structure

Invertebrates were collected after 1 week (7 days), to assess the
effect of sedimentation on community structure (relative short-
term resistance of each site), and after ~2 weeks (14 days for
streams and 16 days for estuary), to determine the relative rates
of recovery towards control structure at each site. Across both
systems, two samples were collected from each plot on each
sampling occasion. A corer (0.045-m? area) and a 500-pum hand
net were employed to collect invertebrate samples from streams,
by first collecting and washing the upper layer of stones within
the corer into the net and then agitating the stream bed contained
within the corer and using the net to collect all animals in the
water column, which were then preserved with 70% iso-propyl
alcohol.

At estuarine sites, invertebrate samples were collected using
sediment corers (0.013 m? x 15 cm deep). These samples were
sieved with a 500-um-mesh screen, and all macrofauna was
preserved in 70% iso-propyl alcohol and stained with 0.2% Rose
Bengal. Core holes were filled with sieved, defaunated azoic
sand to prevent slumping by the surrounding sediment after each
sampling event. During all sampling, care was taken to avoid
previously sampled areas, and the cores were taken at least
30 cm from the boundaries of the plots to minimise edge effects.
Less than 5% of each experimental plot was directly affected by
sampling over the duration of the experiments. For both systems,
invertebrates were identified to the lowest practical level of
taxonomic resolution (usually species) and counted.

Although we did not collect any invertebrate samples before
sediment addition, we randomly assigned our replicated experi-
mental plots to the different treatments (sediment addition
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or control). Consequently, our statistical analyses provide
assessments of the probability that differences in response
variables between sediment addition and control plots were
greater than any pre-existing differences between experimental
plots (Quinn and Keough 2002).

Statistical analyses

Data from stream and estuarine systems were analysed sepa-
rately, with partial eta squares () calculated for all main and
interaction terms in each analysis to allow comparisons of effect
sizes between systems. The effect size indicates the relative
importance of each main or interaction effect, with partial n?
being the proportion (within a range of 0—1) of total variance in
the response variable accounted for by the variance between
predictor groups, after controlling for other variables in the
model (Cohen 1988). Repeated-measures analysis of variance
(ANOVA) was used to test for the effects of factors (with sed-
iment addition and site as the fixed between-subjects factors,
and time as the fixed within-subjects factor, and by using Pillai’s
Trace values to assess significance) on the total densities and
taxon richness of invertebrate communities in each system.
Densities and taxon richness counted from the two cores taken
from within each plot at each collection time were averaged
before conducting analyses of invertebrate data. Box plots and
Levene’s tests were used to examine data for normality and
homogeneity of variance and log-transformations were applied
before analyses where required. Post hoc Tukey’s tests were
conducted to determine where differences occurred within those
factors that had a significant main effect.

Repeated-measures multivariate analysis of variance
(MANOVA) was used to test for differences in community
structure as a result of the same factors as used in repeated-
measures ANOVAs (i.e. site x sediment addition x time). For
estuarine community structure, separate MANOVAs (site x
sediment addition) were also conducted for each time to facili-
tate interpretation, as the site x sediment addition x time inter-
action was highly significant in the initial repeated-measures
MANOVA. Only taxa contributing at least 1% to the total
abundances within either system and/or occurring in at least
50% of all samples within each system were included in the
MANOVAs (adding up to >90% of the total counts within both
systems), because these common taxa have the strongest effects
on patterns in community structure. We further explored which
common taxa contributed most to any overall significant sedi-
ment effects by examining the between-subjects effects (for
sediment addition and site x sediment addition terms) and
within-subjects contrasts (for site x sediment addition x time
interaction) in the MANOVA (e.g. Matthaei et al. 2010). Non-
metric multidimensional scaling (nMDS) was used to graphi-
cally display the differences in community structure as a result
of sediment addition, and between sites and times, within each
system. Here, log-transformations were employed to reduce the
influence of the most abundant taxa (Clarke and Warwick 1994)
before calculating Bray—Curtis dissimilarities among simplified
community datasets.

Those traits of invertebrates that were most likely to be
influenced by pulsed sediment additions were analysed
(Table 1). Traits were assigned to taxa on the basis of an
extensive review of relevant literature and the authors’ expert
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Fig.2. Densities of invertebrates at (a) stream sites and (b) estuarine sites, and taxon richness at (c) stream sites and (d) estuarine sites. Mean values plus s.e.
(n=>5 plots) are shown over time. Bars representing sediment treatment are shaded and controls unshaded. Note the intersystem differences in units of

measurement for densities.

opinions. Several modalities were derived for each trait category
(e.g. the trait category ‘relative size’ was divided into three
ranges within each system). A ‘fuzzy coding’ approach was used
to quantify the affinity for each taxon for each trait modality
(Chevenet ef al. 1994). Within each plot and time, the propor-
tional representation of traits was calculated by multiplying the
average abundance of each taxon by the affinity of that taxon for
each trait modality, then summing the derived values across all
taxa to obtain abundance-weighted relative trait frequencies for
each trait modality, using ADE-4 2001 Release (http://pbil.univ-
lyonl.fr/ADE-4/ADE-4.html, accessed 6 July 2010).
Differences in the representation of traits between the com-
munities within plots were tested in two ways. First, repeated-
measures MANOV As and post hoc tests were conducted, as for
community-structure data. Second, because most of the same
trait modalities occurred in both systems, trait analyses allowed
us to test whether the direction of the sedimentation effect on
these modalities was consistent across these systems (as well as

across sites and times within each system), using univariate
Wilcoxons signed-rank tests. Although this required a large
number of statistical tests and the results should be interpreted
with some caution, these non-parametric tests were conservative
and no Bonferroni corrections were applied to adjust signifi-
cance levels (Perneger 1998; Nakagawa 2004). All univariate
analyses and MANOVAs were conducted using SPSS version
16.0 (IBM, Armonk, NY, USA), and nMDS analysis was
conducted using PRIMER version 6 (PRIMER-E Ltd.,
Plymouth, UK).

Results
Abiotic environment

In streams, current velocities up to 0.58 m s~ ' were recorded and
wetted channel widths ranged from 3.2 to 10.1m. Prior to
experimental sediment addition, the streambed surficial sedi-
ment particle sizes in all stream plots were predominantly small
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Summary of results for repeated-measures ANOVAs examining effects of site, sediment addition and time on the (log-transformed) total

density and taxonomic richness of invertebrate communities within streams and the estuary
Significant P-values (<0.05) are shown in bold

System and source d.f. Density Taxon richness
F-ratio P-value Partial n° F-ratio P-value Partial n?
Streams
Between subjects
Site 2 53.296 <0.001 0.816 16.520 <0.001 0.579
Sediment addition 1 0.439 0.514 0.018 0.639 0.432 0.026
Site x sediment addition 2 0.373 0.693 0.030 0.332 0.721 0.027
Within subjects
Time 1 0.207 0.653 0.009 0.148 0.704 0.006
Site x time 2 1.473 0.249 0.109 4.492 0.022 0.272
Sediment addition X time 1 7.889 0.010 0.247 1.814 0.191 0.070
Site x sediment addition x time 2 1.576 0.228 0.116 2.085 0.146 0.148
Estuary
Between subjects
Site 2 1.818 0.184 0.132 5.121 0.014 0.299
Sediment addition 1 89.710 <0.001 0.789 2.536 0.124 0.096
Site x sediment addition 2 1.316 0.287 0.099 1.027 0.373 0.079
Within subjects
Time 1 1.051 0.316 0.042 0.075 0.786 0.003
Site x time 2 10.288 0.001 0.462 21.797 <0.001 0.645
Sediment addition X time 1 2.971 0.098 0.110 0.472 0.499 0.019
Site x sediment addition x time 2 6.479 0.006 0.351 1.024 0.374 0.079

to large gravels, with some cobbles and minimal fine sediment.
The predominantly fine terrigenous sediment added to stream
plots visibly filled in interstitial spaces and coated upper sur-
faces of larger substrates. At the end of the experiment, this
sediment was still visible within interstitial spaces, but had
largely been washed from protruding substrates. The mean
suspendable-sediment concentration in treated plots was
3620 gm* after 7 days, which had declined to 1940 g m ™ after
14 days, compared with 750 gm™2 in control plots over the
duration of the experiment. The values of pH (ranging from 7.0
to 7.8) and electrical conductivity (ranging from 100 to
124 uScm™ ") were similar among sites, and between control
and sediment-addition plots within sites. During the experiment,
the spot water temperatures were consistently lower at the
downstream Opitonui site (15.0-16.7°C) than at both the
upstream Opitonui site (17.3-19.5°C) and the Awaroa site
(15.4-20.3°C).

The terrigenous sediment added to estuarine plots formed
layers that smothered the underlying natural substrates, which
were predominantly fine to medium sands at all estuarine sites.
During the experiment, these sediment layers were broken apart,
by the action of tides and waves and bioturbation by resident
invertebrate fauna, and buried by the movement of surrounding
sediment into plots. The fine sediment was broken up and buried
most rapidly at the outer site. Across all estuarine sites, the
added sediment was sometimes visible, as an intact layer
covered by ~5mm of sand, within the cores used to collect
invertebrates at the end of the experiment.

Invertebrate community structure

Across all stream sites, sediment addition resulted in lower
invertebrate densities in treated plots than in controls after

7 days, but not after 14 days (Fig. 2a, Table 2). Reductions in
invertebrate densities as a result of sediment addition were much
more pronounced at estuarine sites than at stream sites, with
highly significant differences between treated and control plots
after both 7 and 16 days (Fig. 2b, Table 2). The effect size of
sediment addition on invertebrate densities across both times
was much smaller in the streams than in the estuary. Within both
streams and the estuary, there were no detectable changes in
taxon richness as a result of the addition of sediment, with
very small effect sizes for sediment addition in both systems
(Fig. 2¢, d, Table 2).

In total, 111 taxa were identified from stream sites, and
73 taxa from estuarine sites, during the experiment. Of these,
21 stream taxa and 18 estuarine taxa were relatively abundant
and/or common (cumulatively contributing >90% of the overall
abundances in either system), so these taxa were used in the
analyses of community structures.

The structures of macroinvertebrate communities in streams
were highly variable, both spatially and temporally (Fig. 3a,
Table 3). Despite a large overall effect size for sediment
addition, the differences between communities in control and
sediment-addition plots were significant (P < 0.05) only at the
upstream Opitonui River site. The overall effects of sediment
addition on stream communities did not change between 7 and
14 days. Sediment addition had a significant main effect on 8
of the 21 taxa in the simplified stream-community dataset;
however, for most of these taxa, the effects were not consistent
between sites and times (as reflected in the relatively high
number of significant interactions between sediment addition
and these two factors in the between-subjects effects or within-
subjects contrasts for these taxa; see Table 3). The only excep-
tions were that consistently lower densities of the mayfly
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Fig. 3. Multidimensional ordinations (nMDS) of () stream communities (stress =0.11) and
(b) estuarine communities (stress =0.09) 1 week (black symbols) or 2 weeks (14 days in
streams and 16 days in estuary, grey symbols) after sediment addition. Symbols representing
each site are grouped within the labelled ellipses; sediment treatment symbols are shaded and

control symbols unshaded.

Zephlebia spp. and caddisfly Pycnocentrodes spp., and higher
densities of the mayfly Rallidens mcfarlanei, occurred in treated
plots than in controls.

As for streams, the structures of invertebrate communities at
the three estuarine sites all significantly differed from each other
(Fig. 3b, Table 3). Of particular note were the following
patterns: most Lumberineridae worms occurred at the inner site,
most of the amphipod Parawaldeckia spp. and the bivalve
Nucula hartvigiana were found at the middle site, and compar-
atively low densities of the spionid worms Prionospio aucklan-
dica and the bivalve Macomona liliana, and comparatively high
densities of the bivalve Paphies australis, the isopod Exo-
sphaeroma falcatum and the amphipod Waitangi brevirostris
occurred at the outer site. Also similar to streams, the overall

effect size of sediment addition was large at the estuary sites.
However, in contrast to streams, on Day 7, the differences in the
structure of invertebrate communities as a result of sediment
addition were significant (P = 0.009) at all sites. After 16 days,
the communities in plots to which sediment had been added in
the outer harbour were similar to those in controls (P =0.108),
although there were still significant effects as a result of
sediment addition for the communities at the inner and middle
sites (P=0.002 in both cases; Fig. 3b). Although tests for
between-subjects effects indicated that there were significant
overall effects of sediment addition for 9 of the 18 taxa in the
simplified community dataset, this effect was consistent across
sites for only three of these taxa (E. falcatum, N. hartvigiana and
P. australis), which were all negatively influenced by sediment.
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Table 3. Summary of results of repeated-measures MANOV As examining effects of site, sediment addition and time on invertebrate community

structure within streams and the estuary

Significant P-values (<0.05) are shown in bold. Also shown are the number of taxa from simplified datasets (of a total of 21 taxa in streams, 18 taxa in estuary)

for which each main and interaction term was significant, from either within-subjects contrasts or between-subjects effects

System and source d.f. F-ratio P-value Partial n? No. of taxa
Streams
Between subjects
Site 42 18.341 <0.001 0.987 20/21
Sediment addition 21 3.341 0.125 0.946 8/21
Site x sediment addition 42 2.763 0.044 0.921 5/21
Within subjects
Time 21 16.118 0.008 0.988 9/21
Site x time 10 9.072 <0.001 0.974 6/21
Sediment addition x time 21 0.715 0.732 0.790 521
Site x sediment addition x time 10 0.763 0.744 0.762 0/21
Estuary
Between subjects
Site 36 63.035 <0.001 0.993 18/18
Sediment addition 18 17.062 <0.001 0.978 9/18
Site x sediment addition 36 12.617 <0.001 0.966 5/18
Within subjects
Time 18 12.719 0.001 0.970 5/18
Site x time 36 10.050 <0.001 0.958 7/18
Sediment addition x time 18 3.822 0.039 0.908 3/18
Site x sediment addition x time 36 3.573 0.004 0.889 8/18

Biological traits

Even though the overall effect sizes of sediment addition on
representation of species traits in benthic macroinvertebrate
communities were large in both systems, trait analyses were less
sensitive than community-structure analyses for detecting
effects of sediment addition, because of the high spatial and
temporal variability of effects on traits, particularly in the
estuary (Table 4, see Table S1 available as an Accessory
Publication to this paper). The results of univariate analyses
showed that in both systems, there were few consistent declines
or increases in the proportions of taxa possessing each trait
modality as a result of sediment addition, and across the estuary
there were contrasting responses to sedimentation among sites
for some trait modalities (see Table S1). In streams, the only
consistent exception from this rule was the presence of lower
abundances of animals that inhabit the water column in treated
plots than in controls after 7 days, whereas across all treated
estuarine plots, there were lower abundances of deposit feeders
and higher abundances of scavengers than in controls after either
7 or 16 days.

Discussion

No previously published study has simultaneously examined the
impacts of sedimentation on benthic invertebrate communities
in streams and estuaries. Further, no previous study has com-
pared the impacts of a common stressor on a suite of invertebrate
species trait modalities between these two linked ecosystems.
The communities in relatively fast-flowing runs of streams were
less sensitive to pulsed inputs of terrigenous sediment than those
in the adjacent estuary, at least in the short-term, when subjected
to a similar-magnitude disturbance. In streams, the addition of

sediment did not result in the predicted changes in the overall
community structure. Invertebrate densities were reduced by the
addition of sediment to stream plots after 1 week, but had
recovered to levels similar to control plots another week later. In
contrast, sediment addition caused large reductions in inverte-
brate densities and changes in overall invertebrate community
structure at all estuarine sites 7 days after additions. After
16 days, recovery from these impacts was evident only at the
outer estuarine sites, although the invertebrate densities in
treated plots remained low across all estuarine sites at this time.
Contrary to predictions, there were no reductions in taxon
richness as a result of sediment addition in either streams or the
estuary, and only a relatively low proportion of the common taxa
present within either system had consistently lower densities in
plots with sediment added than in control plots. In most cases,
the particular traits that benthic invertebrates possessed were not
useful for predicting impacts from the small-scale pulsed sedi-
ment inputs.

Disturbance exerts significant influence on the communities
in both streams and estuaries (see Lake 1990; Wall et al. 2005),
and numerous studies have shown that benthic communities in
both of these ecosystems are detrimentally affected by pulsed
inputs of fine terrigenous sediment (e.g. Thrush et al. 2003;
Lohrer et al. 2006b; Matthaei et al. 2006; Townsend et al. 2008).
However, ecosystem responses to disturbance are controlled by
the magnitude, timing, frequency and duration of the distur-
bance, as well as the physical, chemical and biological condi-
tions that exist before and after the disturbance (Lake 2000;
Molinos and Donohue 2009). The magnitude of response to
similar sedimentation events may vary even within types of
ecosystem. Previous studies in streams have demonstrated that
communities that were largely algal-based were more
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Table 4. Summary of results of repeated-measures MANOVAs examining effects of site, sediment addition and time on representation of trait
modalities within streams and the estuary
Significant P-values (<0.05) are shown in bold. Also shown are the number of trait modalities (of a total of 23 in the streams, 21 in the estuary) for which each
main and interaction term was significant, from either within-subjects contrasts or between-subjects effects. See Table S1 in Accessory Publication for those
modalities for which sediment addition had significant main or interaction effects

System and source d.f. F-ratio P-value Partial n? No. of modalities
Streams
Between subjects
Site 46 1.053 0.530 0.890 16/23
Sediment addition 23 9.033 0.104 0.990 6/23
Site x sediment addition 46 2.295 0.149 0.946 0/23
Within subjects
Time 23 1.522 0.472 0.946 11/23
Site x time 46 2.767 0.101 0.955 9/23
Sediment addition x time 23 0.467 0.860 0.843 0/23
Site x sediment addition x time 46 0.661 0.804 0.835 1/23
Estuary
Between subjects
Site 42 27.750 <0.001 0.991 20/21
Sediment addition 21 2.023 0.260 0.914 8/21
Site x sediment addition 42 7.080 0.001 0.967 12/21
Within subjects
Time 21 4.927 0.066 0.963 0/21
Site x time 42 0.855 0.663 0.782 9/21
Sediment addition x time 21 1.322 0.435 0.874 2/21
Site x sediment addition x time 42 1.823 0.155 0.884 7/21

significantly affected by sedimentation than were those with a
detritus base (Schofield ez al. 2004), and the greatest impacts of
fine-sediment addition on macroinvertebrate communities
occurred where pre-existing fine-sediment cover was compara-
tively low and richness and diversity of the community were
comparatively high (Matthaei et al. 2006). Lohrer et al. (2006b)
found that invertebrate communities in coarse sand outside of an
estuary were more sensitive to fine-sediment additions than
those which lived in muddier sediments within the estuary,
whereas Norkko et al. (2002) concluded that the impacts of
sediment addition on invertebrate communities within an estu-
ary persisted longer at sheltered muddy sites than at exposed
sandy sites where a storm acted to rapidly disperse the sediment.

Given the fundamental differences in structure and function
of invertebrate communities in streams and soft-bottomed
estuaries, it was not unexpected that there would be some
differences in community response to the same disturbance
between these two ecosystems. Factors that contribute to the
intersystem differences in antecedent communities, rates of
removal of added sediment from treated plots, and responses
of communities to the added sediment include differences in
hydrodynamics (cf. Norkko et al. 2002; Hewitt et al. 2003;
Thrush et al. 2003), composition of underlying substrate
(cf. Hewitt et al. 2003; Lohrer et al. 2006b; Matthaei et al.
2006) and the behaviour of the added sediment (Xu et al. 2008).

Invertebrate community structure

Invertebrate communities in streams of New Zealand are gen-
erally dominated by mobile insect larvae living among rela-
tively heterogenous streambed substrates (Collier and
Winterbourn 2000). The macroinvertebrate communities at the

partially shaded stream sites used for our experiment are likely
to depend on a mix of both allochthonous detritus and autotro-
phic production (Hicks 1997), with grazers being most abundant
and few dietary specialists being present. In contrast, estuarine
invertebrate communities were dominated by infauna, mainly
polychaetes, crustaceans and molluscs living in relatively uni-
form marine sediments (sensu Wall et al. 2005; Dittman 2007).
Estuarine food webs are primarily driven by benthic microalgae
and pelagic inputs (Middelburg et al. 2000; Countway et al.
2007), with filter- and deposit-feeders being dominant and more
dietary specialists being present than in streams. Mesoscale
dispersal in streams occurs largely by larval drift, and adult
flight and oviposition between reaches, whereas in estuaries
diminutive larvae may disperse large distances on currents and
tides. However, at the spatial and temporal scales of our
experiment, resident macrofauna may have actively moved
between plots and the surrounding habitat patches in response to
sediment addition in both systems (Downes and Keough 1998).

The apparent low sensitivity of stream communities to
sediment addition contrasts with the results of most previously
published studies conducted at various spatial scales (see Ryan
1991; Wood and Armitage 1997; and references therein, for
examples). High loads of fine sediment, as a result of increased
contributions from large-scale land-use changes over long
periods of time, have frequently and consistently been implicated
with large changes in the structure of benthic communities in
streams (e.g. Cline et al. 1982; Quinn and Hickey 1990; Kaller
and Hartman 2004; Niyogi et al. 2007). However, synergistic
interactions between excess sediment and other ecosystem
stressors caused by land-use changes (Lemly 1982; Townsend
et al. 2008) make it difficult to disentangle other impacts from
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those caused by sedimentation, using correlative field studies
across land-use gradients. Manipulative sediment-addition
experiments, with appropriate controls, are required to directly
test sedimentation effects.

Most manipulative experiments that have directly examined
the effects of sedimentation on stream invertebrate communities
were performed in artificial channels in the field. This allowed
sediment to be uniformly added to the entire channel, and
precluded the presence of refuges that were free from sedimen-
tation, typically resulting in large changes to invertebrate
community structure (e.g. Shaw and Richardson 2001; Suren
and Jowett 2001; Connolly and Pearson 2007; Molinos and
Donohue 2009). These experimental studies are useful in
assessing patterns of response to sedimentation, because they
closely approximate natural conditions and allow control of both
the magnitude of the disturbance and potentially confounding
variables. However, the results from experiments in artificial
channels cannot be directly extrapolated to natural stream
reaches (Lamberti and Steinman 1993; Matthaei et al. 2006)
and experiments within streams are also required to assess
sedimentation effects under more natural conditions.

Similar to the present experiment, sediment was added to
small plots within natural streams by Schofield ef al. (2004) and
de Castro Vasconcelos and Melo (2008). This sediment
adversely affected invertebrate communities, but the magnitude
of effect varied depending on food-web structure (Schofield
et al. 2004) and the size class of the added sediment (de Castro
Vasconcelos and Melo 2008). Matthaei et al. (2006) conducted a
larger-scale experiment where sediment was added to the entire
length of 50-m stream reaches in New Zealand. These additions
caused significant reductions in overall invertebrate taxon
richness; however, the reductions were not as pronounced as
most of those for experiments conducted using artificial chan-
nels. This may have been because of the existence of refugia
within each reach that were largely unaffected by the added
sediment (Matthaei et al. 2006). In the present study, only a
minor portion of the stream beds were covered by the added
sediment, and unaffected refugia were readily available imme-
diately outside of experimental plots. We acknowledge that the
processes involved in impact and recovery are likely to change
as larger areas are covered by sediment. Pulsed inputs of
sediment of varying sizes, up to large landslides, occur
frequently in the study streams (Quinn et al. 1995; Marden
et al. 2006) and the benthos had most likely adapted to cope with
this type of disturbance, via the use of refuges (Matthaei et al.
2006) and physiological adaptations (Ryan 1991; Farnsworth
and Milliman 2003).

Although some estuarine species also have mechanical and
physiological adaptations that allow them to survive sedimenta-
tion of the magnitude commonly encountered in their environ-
ment (Hinchey et al. 2006), we speculate that this may be less of
a selective pressure in estuaries than in streams. In estuaries,
changes in the structure of invertebrate communities have been
observed in several studies where terrigenous sediment has been
added to experimental plots (e.g. Norkko et al. 2002; Thrush
et al. 2003; Lohrer et al. 2004). There are several possible
reasons for estuarine communities being more sensitive to
pulsed fine-sediment input than were communities in stream
runs during the present study. In all treated estuarine plots, the
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fine terrigenous sediment layer effectively blanketed the entire
area of the underlying sandy substrate. Even thin layers of
terrigenous sediment can reduce interstitial water circulation
and the supply of oxygen to underlying estuarine sediments
(Sarriquet et al. 2007; Cummings et al. 2009), which is likely to
have contributed to the observed effects on estuarine communi-
ties. In contrast, although the sediment added to streams filled
interstitial spaces around gravels, larger particles were able to
protrude above this layer and therefore continued to provide
some oxygenated habitat heterogeneity in treated stream plots.
There was less hydrodynamic power to move the added sedi-
ment because of tides and waves in the estuary than from stream
flow, which was further hindered by both the coagulation that
occurred when the fine sediment mixed with seawater (Xu et al.
2008) and the periodic emersion of sites during low tides. In the
estuary, much of the fine-sediment layer was not removed from
treated plots, instead persisting and being buried by bed-load
movement of surrounding sand when immersed (see Hewitt
et al. 2003).

Conversely, in the manipulated stream runs, the fine sediment
was washed downstream by the constant and unidirectional flow
of water. This sediment is likely to accumulate and persist for
longer in slow-flowing pools than in runs, and the impacts on
invertebrate communities and community recovery are likely to
differ between pools and runs. The unidirectional stream flow
would have also provided a constant supply of new colonists to
stream plots from upstream areas unaffected by sedimentation.
Increased sedimentation has been shown to promote drift of
stream invertebrates (Culp et al. 1986; Suren and Jowett 2001;
Molinos and Donohue 2009); however, in small plots, emigrants
may be continually replaced by animals from upstream sources
(Townsend et al. 1997).

In addition to the differences in the responses of stream and
estuarine invertebrate communities to sediment addition, there
were also differences in community response and recovery
among estuarine sites, associated with the increase in hydrody-
namic energy from the inner to outer site (Hewitt ez al. 2003).
Although all of the estuarine sites had similar sandy substrates
and were immersed for similar amounts of time during each tidal
cycle, there were changes in species dominance across the
hydrodynamic gradient. These changes resulted in differences
in benthic community response to sediment addition, because
the dominant species within each community were usually
among those most obviously affected by sediment. However,
hydrodynamic energy primarily influences the degree to which
estuarine communities are affected by sedimentation via its
ability to aid recovery by moving sediments and transporting
colonists (Hewitt et al. 2003; Thrush e al. 2003). Ours was only
a relatively short-term experiment; however, the dispersal and/
or burial of added sediment, and recovery of invertebrate
communities from sedimentation, were more rapid at the outer
site than at more inner sites. This finding is consistent with the
patterns observed in longer-term experiments conducted at
estuarine sites across hydrodynamic gradients (see Norkko
et al. 2002; Hewitt et al. 2003; Thrush et al. 2003).

Biological traits

In both systems, the use of species trait analyses was less sen-
sitive than the use of community-structure analyses for
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distinguishing the effects of sediment addition, because there
were few consistent effects on any particular trait modality. Our
results contrast with previous studies in streams, which found
that the representations of certain species trait modalities were
significantly correlated with fine-sediment cover and that ana-
lysing a suite of traits was equally sensitive as, or more sensitive
than community-structure analyses, for detecting sediment
impacts (e.g. Richards ez al. 1997; Rabeni et al. 2005; Dolédec
et al. 2006; Townsend et al. 2008). Susceptibility of estuarine
macrofauna to sedimentation has also been shown to be related
to specific traits, including mobility (e.g. Norkko et al. 2002),
animal size and habitat preference (e.g. Lohrer et al. 2004), and
feeding groups (e.g. Lohrer et al. 2006a). However, no previous
study has assessed the relative influence of sedimentation
effects on a wide suite of traits in estuarine communities. In
some streams, sediment cover has been demonstrated to be
predictive of certain behavioural and physiological traits of
resident fauna (Rabeni et al. 2005; Townsend et al. 2008),
whereas in other streams, life-history traits were found to be
most sensitive to sedimentation (Richards et al. 1997; Dolédec
et al. 2006). In these correlative field studies, the impacts of
sedimentation on stream fauna occurred at reach- to catchment-
scales and over relatively long periods of time (i.e. after several
years to decades of land-use intensification). Reductions in the
representation of invertebrates possessing particular traits,
especially life-history traits, are most likely to occur owing to
press disturbances at relatively broad spatial scales and over
intergenerational timescales. However, there is limited infor-
mation about the spatial and temporal thresholds for sedimen-
tation effects on populations and communities in different
aquatic systems (but see Norkko et al. 2002; Kaller and Hartman
2004; Lohrer et al. 2006b; Larsen et al. 2009). Larger-scale
studies would be required to assess how more widespread sed-
imentation pulses affect aquatic communities.

Implications for future research and management

It is widely acknowledged that excessive sedimentation owing
to human activities is a major contributor to declines in the
condition of aquatic ecosystems (GESAMP 1994; Henley et al.
2000; Owens et al. 2005). Globally, rivers discharge more than
20 billion tonnes of suspended and dissolved solids annually and
human activity may be directly or indirectly responsible for
80-90% of the sediment delivered to the coast (Farnsworth and
Milliman 2003). However, there are only relatively few legis-
lation and management guidelines that relate to sediment dis-
charged into waterbodies, with many countries having little or
no specific legislation (Kdthe 2003; Owens ef al. 2005). More
research on sediment thresholds for taxa in different ecosystems
is required to develop sediment-quantity guidelines for protec-
tion of the values and ecological condition of aquatic ecosys-
tems. Management guidelines are often set to protect freshwater
values and ecology, with the implicit assumption that these
guidelines will be stringent enough to ensure that downstream
marine ecosystems will also be adequately protected. Our results
have demonstrated that this assumption is incorrect for sedi-
mentation impacts. In those cases where human activities are
likely to cause impacts across multiple ecosystems, guidelines
should be set to protect the most sensitive systems. Linkages
between ecosystems must also be considered when developing
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management options, and controlling the source of sedimenta-
tion is usually preferable and less costly than on-going man-
agement of downstream impacts (Reid and Page 2003; Quinn
et al. 2004; Owens et al. 2005). We echo the call of others for
more research recognising the interconnectedness of neigh-
bouring freshwater and estuarine ecosystems, which have his-
torically been studied independently of each other.
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