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ABSTRACT: Sediment run-off from land has been recognised as a threat to the biodiversity of shal-
low estuarine and coastal areas. Extreme rainfall events can cause flooding and landslides, which
may result in rapid deposition of fine terrigenous sediments and have serious impacts on benthic
communities. We designed a field experiment to study the response of intertidal benthos to such
depositions of terrigenous clay. The experiment was conducted at 2 contrasting intertidal sites: a
sheltered muddy sand habitat and an exposed sand habitat influenced by wind waves. Terrigenous
clay (50 % water content) was deposited in replicated experimental plots (2 m diameter) at each site
in layers 0, 3, 6 or 9 cm thick. The initial response of the resident macrofauna and subsequent
recolonisation was monitored over a period of 408 d. Physical and chemical properties of the experi-
mental plots and wave climate at each site were also measured. The experiment demonstrated highly
deleterious effects of catastrophic terrigenous clay deposition on estuarine macrobenthic communi-
ties. At both sites following clay deposition, the numbers of individuals were reduced by more than
50% after 3 d and by more than 90 % after 10 d, irrespective of clay thickness. Mud crabs Helice
crassa were the only animals able to emerge through the clay layer. They also exhibited elevated
densities in clay treatments over the course of the experiment. After 28 d, a storm occurred (maximum
wave height 0.4 m, period = 6 s) which dispersed the clay deposits at the exposed sandy site.
Recolonisation of the surficial sediments was rapid at the exposed site following this wind-wave dis-
turbance. However, deeper-dwelling animals such as large bivalves had not recovered to levels
observed in the control plots by the end of the experiment. At the more sheltered muddy sand site,
the clay deposition resulted in long-lasting habitat change; Although the clay was gradually broken
up and re-colonised by small crabs and surface dwelling macrofauna, recovery was still incomplete
408 d after deposition. The results emphasise the role of wind-wave disturbance and transport of
sediments and macrofauna with bedload, and the importance of bioturbation by crabs as facilitators
of macrobenthic recovery after disturbance.
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INTRODUCTION
Estuaries are rich in structural and biological diver-
sity and play an important role in the functioning of
coastal ecosystems (Heip et al. 1995, Nedwell et al.
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1999). However, changes in land use and modification
of coastlines due to human development have both
increased rates of sedimentation and changed the
areal extent of depositional environments in estuaries
(Edgar & Barrett 2000). In addition, there is growing
recognition that terrigenous sediments pose a threat
to the biodiversity of estuaries and coastal areas
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(GES AMP 1994, Gray 1997). Episodic events such as
landslides, extreme rain events and flooding can result
in catastrophic deposition of fine terrigenous sedi-
ments and elevated turbidity, with profound influences
on the structure and function of macrobenthic commu-
nities (Ellis et al. 2000).

Disturbance plays a key role in community regula-
tion (Dayton 1971, Thistle 1981, Pickett & White 1985)
and has become an integrated element in models try-
ing to explain community development (Johnson 1970,
Pearson & Rosenberg 1978, Rhoads et al. 1978, Zajac
& Whitlatch 1985, Thrush & Whitlatch 2001). Shallow
coastal and estuarine macrobenthic communities are
subject to a variety of natural physical and biological
disturbances that vary in frequency and intensity, as
well as in their spatial and temporal extent (Hall et al.
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Fig. 1. Location and experimental design. A: position of Oku-

ra Estuary in the North Island of New Zealand; B: the study

sites; C: arrangement of experimental treatments; c = control,
3=3cm, 6 =6cm, 9 =9 cm clay deposition

1994). In intertidal soft sediment systems, wind waves
and tidal currents may disturb macrobenthic commu-
nities by initiating sediment transport and removing
macrofauna (Yeo & Risk 1979, Thrush et al. 1996), but
at the same time facilitate recovery of localised dis-
turbed patches by transporting benthic diatoms (Miller
et al. 1984, Delgado et al. 1991) and different life sta-
ges of macrofauna (Butman 1987, Giinther 1992). Early
colonisation in marine soft sediment systems is scale-
dependent (Smith & Brumsickle 1989, Thrush et al.
1996) and a function of the mobility of larvae, juveniles
and adults (Santos & Simon 1980, Whitlatch et al.
1998). Post-settlement transport also serves as an
important mechanism for maintaining sandflat com-
munities (e.g. Beukema 1993, Hewitt et al. 1997,
Norkko et al. 2001). Colonisation can be both active
and passive (Savidge & Taghon 1988, Emerson &
Grant 1991), but is mediated by hydrodynamic condi-
tions (Commito et al. 1995). Transport processes facili-
tated by waves and tides operate at a much larger
scale than that of experimental plots and are likely to
have a site-wide effect on recovery processes. In con-
trast, biogenic processes such as infaunal bioturbation
are likely to vary within experimental plots and thus
contribute to differences between treatments and con-
trols. For example, bioturbating infauna can either
inhibit succession through e.g. physical disturbance or
predation (Rhoads & Young 1970, Thrush 1988, War-
wick et al. 1990, Aarnio et al. 1998), or facilitate suc-
cession and recovery by modifying the physical and
chemical characteristics of the sediment and hence
prime the habitat for colonists after disturbance events
(Meadows & Tait 1989, Wolfrath 1992). Thus, within
the context of the spatial scales typically used for ex-
perimental plots, bioturbation is expected to play a
more pronounced role over smaller scales (Zajac et al.
1998).

Gradients in the intensity of physical and biological
processes often occur in estuaries. Thus, both sources
of disturbance and the mechanisms important in driv-
ing recovery will vary with location. To improve our
understanding of benthic recovery processes following
disturbance, it is imperative to recognise that different
communities and habitats respond differently (e.g.
Thrush et al. 1991). Thus, the effects of disturbances
will be best understood in the context of the particular
environmental conditions that influence the rate of dis-
persal into the disturbed area and the growth and re-
covery of the populations (Huston 1994). Catastrophic
sedimentation events in estuaries, depositing cm thick
layers of fine terrigenous sediments in short time peri-
ods, modify habitats over broad spatial scales and can
affect resource availability (Ellis et al. 2000) and lead
to mass mortality of benthic fauna (McKnight 1969,
Peterson 1985, authors’ pers. obs.). Sediment deposi-
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tions affect benthic invertebrates by:
(1) physical smothering of the sediment
surface causing anoxia; (2) changing

Table 1. Abundance (mean + SD) per 157 cm?, with % of total in brackets, of the
10 most dominant taxa of the macrofaunal communities at the Sheltered and

Exposed sites

sediment grain size affecting porosity/
stability, biogeochemical fluxes, rates Taxa Sheltered site Exposed site
of faunal movement and bioturbation;
. o . Mollusca
(3) enhancing turbidity, which can clog Paphies australis - 13.4 + 1.9 (20.9)
feeding structures of suspension feed- Nucula hartvigiana 1.5+ 0.5 (3.4) 10.8 + 1.6 (15.3)
ers, and limit llght penetration and Macomona liliana ) 6.6 +1.3 (15.0] 2.1+0.3 (3.1)
primary production; and (4) changing Austrovenus stutchburyi 3.1+0.3(7.3) 6.6 £ 0.8 (9.8)
sediment food quality. Annelida ]
Naturallv occurring catastrophic de- Aquilaspio aucklandica 11.9+2.1(25.7) 4.0+1.0(54)
aturaly o g ph Scoloplos cylindrifer 4.7 £0.9 (10.1) 422038 (5.8)
positions of fine terrigenous sediments Scolelepis sp. _ 1.8+ 0.4 (3.1)
of considerable magnitude have been Aonides oxycephala - 4.9+0.6 (9.5
observed in New Zealand and else- Orbinidae 1.3+£0.4(3.1) 2.0+05(3.1)
Nereidae 1.4+04 (3.1) -
where (Peterson 1985, Konar. & Robe.rts Oligochaeta 1304 (2.8) B
1996). However, these sedimentation
t dictable in time and Crustacea
events are unpredict m i : Paracalliopidae 2.2+ 1.1 (4.1) 2.2+0.6 (3.1)
space, making it difficult to gather in- -
. ) ) Cnidaria
formation on their ecological effects. Anthopleura aureoradiata 1.4+ 0.4 (3.5) .
We designed a field experiment to test

the initial impact and subsequent re-

covery of intertidal macrobenthic com-

munities exposed to terrigenous sediment layers of dif-
ferent thickness. The experiment was conducted at 2
contrasting intertidal sites within an estuary: a sandy
site influenced by wind-wave disturbance and a rela-
tively sheltered muddy sand site. We expected differ-
ent responses at the 2 sites to the experimental addi-
tion of terrigenous clay due to variation in both the
initial macrofaunal response (e.g. history of sedimenta-
tion events and adaptations to fine sediments) and re-
covery (variation in rate of colonisation and persistence
of terrigenous clay).

MATERIALS AND METHODS

Study site. The experiment was conducted in Okura
Estuary, a 162 ha marine reserve in the North Island of
New Zealand (Fig. 1). The estuary is 600 m wide at the
mouth and stretches 3.5 km inland. Urbanisation of the
surrounding 2253 ha catchment has resulted in consid-
erable inputs of sediments to the estuary (A. B. Cooper
et al. unpubl.). Two mid-intertidal sites with high
macrofaunal diversity, albeit with different community
compositions and hydrodynamic conditions, were
chosen for the experiment (Fig. 1). The more sheltered
site in the inner estuary (hereafter referred to as
‘Sheltered’), is dominated by fine to very fine sands
(comprising 84.5% of the volumetric composition; see
‘Sediment measurements'’) and coarse silts (5.9 %), and
is less exposed to wind-wave disturbance than the sea-
ward site. The seaward, more exposed site (hereafter
'Exposed’) has coarser sediments, dominated by fine to

very fine sand (82.7 %) and coarse sand (9.0 %). Salin-
ity in the estuary is normally around 32 %o at both sites,
but can in the winter months (June to August) be 20 to
25%o. During storm events with heavy flooding from
the river salinity can drop as low as 7%. (M. Stewart,
pers. comm.). Mud crabs, mainly Helice crassa, oc-
curred in soft sediments throughout the estuary. The
benthic community at the Sheltered site was numeri-
cally dominated by polychaetes (42 %), with the spi-
onid Aquilaspio aucklandica being the most common
species found, followed by the tellinid bivalve Maco-
mona liliana and the orbinid Scoloplos cylindrifer
(Table 1). The Exposed site contained more bivalves
(49 %), with the mesodesmatid Paphies australis being
the most common species, followed by the nuculid
Nucula hartvigiana and the venerid Austrovenus
stutchburyi. The spionid Aonides oxycephala and the
orbinid Scoloplos cylindrifer were the dominant poly-
chaetes at the Exposed site (Table 1).

Experimental design and the start of the experiment.
The aim of the experiment was to mimic a sedimenta-
tion event where large quantities of terrigenous fine
sediments are deposited in an estuary. Four treatments
were used in the experiment: additions of terrigenous
silt/clay to produce layers 0, 3, 6, and 9 cm thick to ar-
eas of intertidal sandflat. These depths cover the range
of natural deposition events observed in Okura and
other North Island estuaries (authors’ pers. obs.). The
experimental treatments were replicated 3 times at
each site, with each plot separated by 15 m (Fig. 1).

On October 31, 1998, clay was obtained from a sedi-
ment retention pond created as part of motorway con-
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Table 2. Sampling frequencies and parameters measured at
the experimental sites during the course of the experiment.
S = Sheltered site; E = Exposed site. Chl a = chlorophyll a of
the surface sediment; org. content = organic content of the

sediment
Date Day Macrofauna Chla, Depth of clay/
dd/mm/yy org. content  silt-layer
30/10/98 -1 Baseline samples from S & E
31/10/98 Start of experiment
1/11/98 1 S&E S&E
2/11/98 2 S&E
3/11/98 3 S&E S&E S&E
10/11/98 10 S&E S&E S&E
2/12/98 32 S&E S&E S
6/1/99 67 E S&E S
31/1/99 91 S&E S&E S
2/3/99 129 E E S
31/3/99 151 S&E S&E S
10/6/99 222 S S S
25/8/99 300 S S
13/12/99 408 S S S

struction in the Okura catchment. Fluid sediment was
excavated from the pond and mixed into a sediment-
freshwater slurry (46 % water content) by an excavator.
This sediment closely resembled sediment depositions
observed in the Okura estuary after severe storm
events. The sediment was deposited into 2 m diameter
circular experimental plots at low tide using a heli-
copter and monsoon bucket. Each plot had been previ-
ously surrounded by a steel band that was pushed into
the sediment and protruded from the sediment accord-
ing to the height of its respective treatment (i.e. 0, 3, 6
and 9 cm). After 24 h the steel surrounds were re-
moved from each plot.

Plots were sampled 1 d prior to sediment deposition
and in a time series following deposition (Table 2). On
each sampling occasion, two 10 cm diameter cores (a
total surface area of 157 cm?) penetrating 15 cm into
the original sediment were taken from each plot to
sample macrofauna. Care was taken to avoid previ-
ously sampled areas and the cores were taken at least
30 cm from the edge of the plots to avoid potential
edge effects. After the core samples had been taken,
the voids were filled with sieved (0.5 mm) defaunated
sediment and topped with clay to avoid slumping of
the surrounding sediments. Over the course of the
experiment, only a total of 3.5% of the plot area was
affected by the macrofaunal coring. The cores were
sectioned horizontally into the ‘top’ (0 to 2 cm) and
'‘bottom’ (2 to 15 cm). This was done in order to identify
colonisation of the surface layer. The macrofauna sam-
ples were sieved on a 0.5 mm mesh, preserved in 70 %
isopropyl alcohol and stained with 0.2 % Rose Bengal.
Macrofauna retained on the sieves were sorted and
identified to the lowest level practicable.

Sediment measurements. Five replicate measure-
ments were made of the depth of the terrigenous clay
sediment to test for erosion (Table 2). Three core sam-
ples (2 cm diameter, 1.5 cm deep) were obtained from
each plot and subsequently analysed for chlorophyll a
(chl a), water and organic content, and grain size. Mea-
surements and cores were obtained haphazardly in the
vicinity of the macrofaunal cores, at least 30 cm from
the edge of the plot. Chl a was extracted from sedi-
ments by boiling in 95 % ethanol, and measured spec-
trophotometrically. An acidification step was used to
separate degradation products from chla (Sartory
1982). Samples for sediment grain size analysis were
digested in 6 % hydrogen peroxide for 48 h to remove
organic matter. A Galai particle analyser (Galai Cis
—-100, Galai Productions, Migdal Haemek, Israel) was
used to measure particle size (% volume at 1 phi inter-
vals from -1 to 10 phi). Cumulative percent volumes
were calculated for the medium sand, fine sand, silt
and clay fractions. Organic content of the sediment
was measured as loss on ignition in 6 h at 440°C, after
drying the samples at 60°C for 48 h. Photographs, cov-
ering an area of 0.25 m?, of each plot were also taken to
document sediment characteristics such as crab bur-
rows and other large macrofauna.

Measuring wind waves and disturbance to the sedi-
ments. Wind generated waves play a critical role in
disturbing the seafloor by initiating sediment trans-
port. At each site a DOBIE wave gauge was deployed
to provide time series data on the wave climate
(see Thrush et al. 2000, and http://www.niwa.cri.nz/
instrument_systems/dobie.html for a detailed descrip-
tion). DOBIE measured pressure in bursts every
30 min, with each burst consisting of 2048 data points
at a sampling interval of 0.2 s. Linear wave theory (see

—e— Exposed site Wave energy

—o— Sheltered site

N
L

N
I

Start of experiment Start of storm event

Cumulative wave energy dissipation
on the bed (U,’x 10%)
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Fig. 2. Cumulative wave energy dissipation on the bed (U,*)
at the Exposed and Sheltered sites over the first 2 mo of the
experiment
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e.g. Kinsman 1984) was used to compute the orbital
speed at the bed (U, cm s7!) corresponding to the sig-
nificant wave height, mean spectral period and mean
water depth (see e.g. Green & Black 1999 for details on
converting burst pressure data into estimates of Uy).
Since the time-averaged dissipation of wave energy by
bed friction is directly proportional to U,* (Nielsen
1992), we used Uy® to characterise energy dissipation
by waves at the site.

To describe the wave energy at the 2 sites needed for
initiating sediment transport, the critical wave-orbital
speed for initiation of sediment suspension, U, ., was
predicted using Komar & Miller's (1975) equation:

[(ps-P)gDa" (dw,c/D)*1/p

where p is density of seawater, D is median grain size
of the bed sediment, a" is an empirical constant (0.21)
and d, . is near-bottom wave-orbital semi-excursion
at threshold, which is related to U%, i by Ugent =
21dy, it/ T where T, is wave period. Ui,y was evalu-
ated using 0.150 mm for D at both sites and, following
Green (1999), the measured mean spectral period, T,
was used for T,. Also following Green (1999), Uy crit
was compared with measured U4 to determine whe-
ther sediment was in suspension (Usjq > Uy, i implies
suspension).

Statistical analyses. All data are presented as the
mean + SD. For macrofaunal data, numbers are given
per 157 cm?,

Differences between the treatments and the control
(for sediment depth, chl a concentrations, organic con-
tent, number of individuals, number of taxa, and num-
ber of crab burrows) were assessed separately for each
site and results are presented in Appendix 1. As no
spatial patterns across the sites that could have con-
founded an ANOVA analysis were observed, variables
were analysed by a randomised repeated-measure
1-way ANOVA (Crowder & Hand 1990, Green 1993),
with block as a random factor and treatment as a fixed
factor. Data were examined for normality (Shapiro-
Wilk test) and homogeneity of variance (F-max test).
No transformations were needed. A sphericity test was
used to test that all pairwise covariances among differ-
ent times were equal. Where this assumption could not
be met, the probability levels for F were adjusted by
the Huynh-Feldt (1976) method. Where Time x Treat-
ment interactions were indicated (p < 0.15), multiple
comparison tests (Scheffe) between each treatment
and the control were carried out for each time sepa-
rately.

Comparisons between Days 10 and 32 (before and
after a storm event; Table 2) were made, for sediment
chl a and organic content at each site, using paired
t-tests. Changes in the depth of sand covering the clay
over time at the Sheltered site were investigated using

2 —
U w,crit —

ANCOVA (SAS 1999). Time was represented in d and
treated as the independent variable; treatment depth
was treated as a fixed categorical factor.

Temporal changes in the structure of macrobenthic
communities found in the different treatments were
assessed by multidimensional scaling (MDS) ordina-
tion on the Bray-Curtis similarity index (Bray & Curtis
1957) calculated from the raw data for the top and bot-
tom sections of the cores separately (MDS subroutine
of the PRIMER software package; Clarke 1993).

RESULTS
Visual observations

Over the initial 4 to 5 d of the experiment, weather
conditions were calm and sunny. No immediate re-
working of the sediments occurred and the clay layers
on all of the experimental plots de-watered, forming a
viscous (rubbery) surface. No erosion of clay from the
experimental plots was detected. At both sites, crabs
were observed crawling up through the clay as it was
being deposited and after only a few days, burrows in
the clay layer were observed. No other large animals
were observed emerging from underneath the clay or
colonising the clay, with the exception of the occa-
sional cockle and gastropod found generally in cracks
in the clay sediment surface (cracks were caused by
shrinkage of the clay as it de-watered). Clay layers at
both sites changed very little over the first month of the
experiment. A storm event occurred on November 28,
28 d after the start of the experiment, breaking up and
dispersing all of the clay at the Exposed site. Occa-
sional chunks of clay were subsequently found at this
site, buried 5 to 10 cm below the sandy sediment
surface, but no terrigenous clay was detected in the
control plots. The Sheltered site was largely unaffected
by the storm. However, over time the clay at this site
became increasingly broken up. The Sheltered site
experimental plots slowly sank into the natural muddy
sandy sediments, with natural sediments gradually
accumulating around and on top of the plots. This
effect was strongest in the 3 cm treatment.

Hydrodynamic conditions and the storm event

Both experimental sites were immersed by the tide
49% of the time, but the sites differed substantially in
wave climate (Fig. 2). Average and maximum wave
heights and periods were significantly higher at the
Exposed site. The storm event on Day 28 (Table 3)
lasted for approximately 30 h, producing maximum
wind speeds of 24 m s™! from the southeast and heavy
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Table 3. Wave climate at the Sheltered and Exposed sites dur-

ing the storm event 28 d after the initiation of the experiment.

The wave climate for the largest event prior to the storm is

also described. U,® is a measure of energy dissipation on the
bed (see text)

Wave climate Sheltered Exposed

Storm event

Average wave height (m) 0.03 0.16
period (s) 1.7 4.1
U,® (cm?® s73) 125 19683

Maximum wave height (m) 0.1 0.4
period (s) 2.2 6.0
U, (cm® s73) 2197 216000

Largest event prior to storm

Average wave height (m) 0.02 0.06
period (s) 1.2 3.2
U (cm®s™®) 6.4x10° 13.3x10*

Maximum wave height (m) 0.04 0.17
period (s) 1.5 4.5
U2 (cm® s79) 512 19683

rain. As an index of wave energy expended on the
seabed, maximum U,? values of 216000 cm?® s~ were
recorded during the storm at the Exposed site com-
pared to only 2197 cm?® s~2 at the Sheltered site. This
wave energy removed the clay layers from all of the
experimental plots at the Exposed site. In contrast, the
Sheltered site experimental plots all remained intact.
The largest event recorded prior to this storm pro-
duced maximum U,? values of ca. 19683 cm? s~ at the
Exposed site (Table 3). This occurred 1 wk before the
storm and failed to remove the clay layers.

Sediment characteristics

The differences in physical regime between the 2
sites are reflected in the ambient sediment characteris-
tics. The Sheltered site had a higher proportion of clay
and silt and a lower proportion of medium and coarse
sands than the Exposed site (control plots; Table 4).

The experimental clay deposits had very similar sedi-
ment characteristics at both sites and were dominated
by medium to very fine silts and clays (Table 4). The
actual depths of clay deposited at the start of the
experiment differed slightly from the ones used for
denoting the different treatments. Nevertheless, con-
sistent differences between treatments were apparent.
The actual depths measured 12 h after deposition were
around 4, 8 and 10 cm at both sites. For clarity the
treatments are still referred to as 3, 6 and 9 cm. At the
Sheltered site, where the experimental plots remained
intact throughout the experiment, the depth of the ter-
rigenous clay layer decreased over time (Fig. 3a). The
6 cm treatment clay depth decreased from 8 cm at the
start of the experiment to 5 cm after 408 d (r? = 0.662,
p < 0.0001), while the 9 cm treatment declined from 10
to 6 cm (12 = 0.662, p < 0.0001). The thickness of the
3 cm treatment clay layer remained more consistent at
around 4 cm over the entire experimental period (r? =
0.0002, p = 0.822). The clay depths were significantly
different (i.e. 9 > 6 > 3) from each other on all sampling
times except for Day 300, when the 9 cm treatment was
different from the 3 cm treatment, but the 6 cm was not
different from either the 3 or 9 cm treatments (Fig. 3a,
Appendix 1A).

Sediment water content in the control plots at both
sites was constant throughout the experiment (22 to
26 %). The clay treatments (3, 6 and 9 cm), however,
showed a steady de-watering: At the Sheltered site,
sediment water content declined from 43 to 48% on
Day 1 to 30% on Day 99 and to 27% on Day 408
(Fig. 3c). A similar pattern was observed at the Ex-
posed site, prior to the storm removing the clay layers,
after which the re-exposed sand had similar water
content to that of the control plots (Fig. 3d). The con-
trol plots contained less organic matter than the clay
treatment plots at both sites at the beginning of the
experiment (i.e. < 1 vs 4 to 7 %; Fig. 3e,f). The organic
content of the control treatments was slightly higher
at the Sheltered site than at the Exposed site (Mann-
Whitney U-test; p = 0.0082). After the clay was re-
moved by the storm, all plots had similar organic con-

Table 4. Volumetric composition (%) of the surficial sediments at the start of the experiment. C = control (no sediment added);
3, 6, 9 cm = thickness of terrigenous clay deposition

Sediment particle size Sheltered Exposed

C 3 cm 6 cm 9 cm C 3 cm 6 cm 9 cm
Clay (0 to 3.9 ym) 0.2 11.0 10.5 6.9 0.0 9.5 9.4 8.4
Medium to very fine silt (3.9 to 31 pm) 1.1 51.0 43.4 27.6 0.2 40.4 37.0 38.2
Coarse silt (31 to 62.5 pm) 5.9 24.6 21.2 22.9 0.5 15.9 18.8 28.6
Fine to very fine sand (62.5 to 250 pm) 84.5 11.2 12.0 30.2 82.7 16.8 17.0 21.0
Medium sand (250 to 500 pm) 4.4 2.2 4.7 7.8 7.6 5.5 5.6 3.8
Coarse sand (500 to 2000 pm) 3.9 0.0 8.2 4.6 9.0 11.9 12.2 0.0
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tent values at the Exposed site (Fig. 3f, Appendix 1A).
At the Sheltered site, where the clay plots remained
intact, the organic content of the clay treatment plots
decreased to levels observed in the controls as the
experiment progressed (Fig. 3e, Appendix 1A). This
reflected the increasing deposition of sediments trans-
ported as bedload on top of the plots. The amount of
sand accumulating on top of the clay layers increased
linearly over time (3 cm, r* = 0.91, p < 0.001; 6 cm, 12 =

Sheltered site

Clay depth (cm)

0.96, p < 0.002; 9 cm, 2 = 0.92, p < 0.007). The rate
was different for each of the treatments, with the
largest slope (greatest rate) occurring for the 3 cm
plots (ANCOVA, p = 0.001). By Day 408, the top 2 cm
of the clay deposits contained 20 to 30% sand
(>0.125 mm).

Benthic chl a in the control treatments was similar at
the Sheltered and Exposed sites (range: 2 to 5.5 pg g*
dry wt; Fig. 3g,h). At the start of the experiment, the

Exposed site

—*— Control
——3cm
—— 6cm
—— 9cm

Water content of
the sediment (%)

Organic content of
the sediment (%)

Benthic chl a

(Mg g-' sediment)
O =2 N W A OO NO =~ N WA OO N

1326791 151 222 300
1,2,3,10
Days

408 T10 32 67 91 129 151

Days

Fig. 3. Sediment characteristics (mean + SD) at the 2 experimental sites over time. (a,b) Depth of terrigenous clay deposits;
(c,d) water content of sediment; (e ,f) organic content of sediment; (g,h) benthic chl a. Arrows indicate the storm event on Day 28.
Note the difference in scale along the x-axis for the 2 sites
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Fig. 4. Number of individuals and taxa (mean + SD) per
157 cm? in the control plots at the Exposed site over the 151 d
study period. Total = 0 to 2 cm + 2 to 15 cm core sections, Bot-
tom layer = 2 to 15 cm section. Day —1 = day before clay depo-
sition. The arrows indicate the storm event on Day 28

clay treatments had significantly less
chl a than the control sediments at both
sites (p < 0.05; Appendix 1A). At the
Sheltered site, while benthic microal-
gae colonising the surface of the clay 1
plots were unaffected by the storm,
there was an apparent, but non-signif-
icant (p = 0.149, paired (-test), reduc-
tion by about 20% in benthic chl a in l
the control plots (Fig. 3g). Colonisation
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(Appendix 1A). After 151 d (5 mo), no significant dif-
ferences could be detected between controls and clay
treatments (Appendix 1A). At the Exposed site a sig-
nificant reduction in chl a occurred in the control plots
after the storm (Fig. 3h; p = 0.0009, paired ¢-test). The
storm removed the terrigenous clay layers from the
sandflat, and initial differences in chl a between the
control and clay treatments were obliterated. The sub-
sequent recovery was gradual, and at 151 d, chl a con-
centrations were similar to those detected at the start
of the experiment (Fig. 3h).

Disturbance and recovery of macrobenthos
Exposed site
Control plot assemblages

The number of individuals and taxa found in the con-
trol plots varied over the 151 d period this site was
sampled and the highest numbers of individuals and
taxa were found in the top 2 cm of the sediment
(Fig. 4). A shift in community composition occurred in
conjunction with the storm. The 3 most common spe-
cies found in the surface sediments (0 to 2 cm) im-
mediately prior to the storm (i.e. on Day 10) were
the bivalves Paphies australis (18.3 + 5.4 %), Nucula
hartvigiana (17.3 £ 6.9 %) and Austrovenus stutchburyi
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(12.3 = 3.8%). After the storm (Day 32), Paphies was
still the most common species (19.3 = 11.0%), but the
spionid polychaete Aonides oxycephala was the second
most common taxon (15.7 + 2.7 %) followed by Nucula
(14.3 = 12.8%). However, this shift in dominance was
not persistent but rather relative dominance varied
over time amongst the most common species. The
dominant taxon in the bottom sediments (2 to 15 cm
deep) was large (>4 mm) Macomona liliana. Other
numerically important taxa were orbinid, capitellid,
nereid and glycerid polychaetes.

Responses of macrofauna to clay deposition

The macrofaunal community was severely affected
by the terrigenous clay within days of the experimental
deposition, irrespective of clay depth. After 3 d the
number of individuals and taxa in the clay treatments
had declined significantly (Appendix 1B); The number
of individuals declined by 57, 61 and 69%, and the
number of taxa by 57, 62 and 83 % in the 3, 6 and 9 cm
treatments, respectively. This reduction continued, and
after 10 d the number of taxa had been reduced by 93 %
and abundance by 97 % in all clay treatments. There
was no obvious migration of macrofauna from the un-
derlying bottom sediments up into the clay layers and,
after 10 d, only a few (on average <1 ind. 157 cm?)
large bivalves (Austrovenus stutchburyi and Paphies
australis) were still found alive under the clay. A strong
smell of hydrogen sulphide and decaying shellfish was
noted from sediments under the clay, even from a few
cm from the edge of the plot.

The number of taxa and individuals in the clay treat-
ments were consistently lower than those found in the
control treatment during the first month of the experi-
ment. Fig. 5 shows the mean percent difference in the
numbers of taxa and individuals in the clay plots rela-
tive to the control plots. A significant reduction in
abundance of both taxa and individuals occurred after
only 3 d in the top 2 cm layer (Fig. 5, Appendix 1B).
The wind-wave disturbance associated with the storm
event on Day 28 removed all the terrigenous clay lay-
ers from the plots. Subsequent recovery of the macro-
faunal community was rapid, with few significant
differences detected between the clay and control
treatments for numbers of taxa or individuals in the
bottom sediments for the remainder of the experiment
(Fig. 5, Appendix 1B). The top layer also recovered
rapidly following the storm event, although numbers of
taxa and individuals varied over time (Fig. 5).

Surface-dwelling species such as recent post-settle-
ment stages (<1 mm shell length) of the bivalves
Nucula hartvigiana, Macomona liliana and Paphies
australis, together with paracalliopid amphipods and

Oto2cm Exposed site

A 4 —e— Control
--3cm

2to15cm

Fig. 6. Multidimensional scaling ordinations (MDS) showing
changes in assemblage structure in the different treatments
over time at the Exposed site. 0 to 2 cm = benthic assemblages
in surface sediment layer; 2 to 15 cm = benthic assemblages in
deeper sediment layer. * Position of each treatment at the start
of the experiment (Day —1). The shaded area encloses the tra-
jectory of the control treatment. Stress value = 0.12

the polychaetes Scoloplos cylindrifer and Aonides oxy-
cephala, dominated initial recovery. On Day 67, small
post-settlement stages of Nucula and Paphies domi-
nated the 3, 6 and 9 cm treatments, whereas Aquilas-
pio aucklandica, Paphies and Aonides dominated the
control plots. The transient occurrence of these post-
settlement bivalves on this exposed sandflat con-
tributed to overall fluctuations in species numbers and
abundance over time.

Although recovery occurred in terms of numbers of
taxa and individuals, disturbance history appeared to
have an effect, with differences in community struc-
ture between treatments, apparent on the final sam-
pling (Day 151; Fig. 6). This is clearly shown in the
multidimensional scaling analysis (MDS) that portrays
the succession in community structure over time for
each treatment. At the start of the experiment (Day -1),
the communities in all treatments were similar. The
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The number of taxa in the control plots remained fairly
consistent over time (Fig. 7), although lower than those
noted for the Exposed site (compare Figs. 4 & 7). The
average total number of taxa found at this site ranged
from 6 to 9 per 157 cm?, and similar to the Exposed
site, most individuals were found in the top 2 cm layer of
the sediment. Total numbers of individuals increased
over the course of the experiment, from around 40 ind.
per 157 cm? early in the experiment to 60 individuals on
Day 408. This increase in abundance was largely driven
by the recruitment of the polychaetes Aquilaspio auck-
landica and Scoloplos cylindriferto the top 2 cm layer of
the sediment in summer. In contrast, the number of
individuals found in the bottom sediments remained
consistent over time (5 to 10 ind. per 157 cm?; Fig. 7). A
shift in the relative dominance of the 3 most common
species, Aquilaspio, Macomona liliana and Scoloplos,
was apparent after the storm. For example, the small sur-
face-dwelling Aquilaspio comprised 28.7 + 3.3 % of the
community on Day 10, but only 18.7 £ 5.9% on Day 32.

Responses of macrofauna to clay deposition

The initial community response to clay deposition
was similar to that at the Exposed site, i.e. macrofaunal
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abundance decreased markedly within day, irrespec-
tive of depth of the clay layer, and at very similar rates
to the Exposed site. No animals except the mud crabs
Helice crassa were recorded to have migrated into the
clay layers from the underlying sediments. As for the
Exposed site, a strong smell of hydrogen sulphide and
decaying shellfish was present under the clay. On
Day 3, the number of individuals and taxa in the top
2 cm of the clay treatments had declined significantly
(Appendix 1B). The number of individuals had declined
by 53, 69 and 71 %, and the number of taxa by 30, 59
and 42 % in the 3, 6 and 9 cm treatments, respectively.
After 10 d, the number of taxa in the clay treatments
had been reduced by between 82 and 98% and the
number of individuals by between 92 and 98 %. Only
very few (on average <1 ind. per 157 m?) Austrovenus
stutchburyi, Macomona liliana, and orbinid and capi-
tellid polychaetes were still alive under the clay. After
32 d, the clay treatments contained 0 to 6 % of the taxa,
and 0 to 3 % of the individuals found in the control plots.
This reduction was significant for both the top and bot-
tom layers of the sediment (Fig. 8, Appendix 1B). After
the storm the occasional Austrovenus stutchburyi and
gastropods colonised the top of the clay plots. Due to
the lower wave energy at this site (Table 3), the storm
failed to remove the clay layers, and the Sheltered site
was thus monitored for a longer time period compared
to the Exposed site (i.e. 408 vs 151 d).

Recovery was slow and still incomplete after 408 d
(Fig. 8, Appendix 1B). The bottom layer of the sedi-
ments contained low numbers of individuals and hence
exhibited stochastic fluctuations in the number of spe-
cies and individuals over time. In the top 2 cm layer of
the sediments, only very slight increases in numbers of
individuals could be detected over time and at Day 408
there were still 80 % fewer individuals in the clay treat-
ments compared to the control. No significant differ-
ences were detected between clay treatments (Appen-
dix 1B). In terms of taxa, recovery was slightly faster:
by Day 408 there were 30 % fewer taxa present in the
3 cm treatment compared to the control (Fig. 8). Recov-
ery appeared to be treatment dependent, with recov-
ery in the 6 and 9 cm treatments being slowest (i.e.
with 75% fewer taxa than in the control). Despite
these differences, from Day 222 onwards no significant
differences in the number of taxa in the top 2 cm
were detected between controls and clay treatments
(Appendix 1B).

The pattern of recovery in taxa and their relative
abundances is clearly shown in the multidimensional
scaling analysis (Fig. 9). Prior to clay deposition
(Day -1), the different treatments were closely clus-
tered together in ordination space. A distinct diver-
gence in community composition occurred in all clay
treatments after the deposition of clay, both in the top

and bottom layers. By Day 408, the community in the
top 2 cm of the clay treatments became slightly more
similar to that of the control community, but was still
different (Fig. 9). The community in the bottom layers
of the clay treatments exhibited a similar pattern,
although they were closer in ordination space to the
control than the top layers. This is in contrast to the
univariate measures which demonstrated partial
recovery (Fig. 8, Appendix 1B), hence indicating that
changes in community structure were occurring.

Even at this physically less energetic site, bedload
transport of sediment appeared to play an important
role in transporting colonists to the clay plots. Sand and
also adult and post-settlement stages of benthic in-
vertebrates gradually accumulated on top of the clay
plots. Similarly to the Exposed site, post-settlement
stages of the common bivalves (Nucula hartvigiana,
Macomona liliana and Austrovenus stutchburyi) con-
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Fig. 9. Multidimensional scaling ordinations (MDS) showing
changes in assemblage structure in the different treatments
over time at the Sheltered site. 0 to 2 cm = benthic assem-
blages in surface sediment layer; 2 to 15 cm = benthic assem-
blages in deeper sediment layer. *Position of each treatment
at the start of the experiment (Day —1). Shaded area encloses
the trajectory of the control treatment. Stress value = 0.12
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tributed to recovery, but only in low numbers. Scolop-
los cylindrifer was the numerical dominant in the par-
tial recovery process, with a distinct recruitment in the
3 cm treatment by Day 408 (Fig. 10). A massive sea-
sonal recruitment of Agquilaspio aucklandica was
detected in the control plots at Day 408, but virtually
none colonised the clay plots (Fig. 10).
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Fig. 10. Abundance (mean + SD) per 157 cm? of the common
colonising species at the Sheltered site over the 408 d study
period. Day -1 = day before clay deposition

The most dominant feature of the recovery process at
the sheltered site was the opportunistic behaviour and
colonisation of the clay plots by the mud crab Helice
crassa. The clay plots appeared to provide a favourable
habitat to the crabs as they quickly colonised the plots
(Figs. 10 & 11). Helice changed the physical character-
istics of the clay/silt plots, as was clearly indicated by
the rapid increase in abundance of crab burrows (5 to
15 mm burrow size). Already by Day 10, there were
significantly more burrows in the clay treatments than
in the control (Appendix 1C). The number of crab bur-
rows increased more quickly in the 6 and 9 cm treat-
ment compared to the 3 cm treatment. Two months
(Day 67) after clay deposition, between 50 and 100 bur-
rows were counted per 0.25 m?, and an average of over
300 burrows per 0.25 m? in the 6 cm treatment at
Day 222. Over time, some of these burrows were in-
filled by sand transported over the clay plots. Thus,
burrow numbers decreased again towards the end of
the experiment (Fig. 11). The colonisation of the clay
plots by Helice occurred as a result of both larval set-
tlement, as indicated by the occurrence of crab mega-
lope in plots (Fig. 10), and through the immigration of
juvenile and adult stages. Only very low crab numbers
were ever recorded in the control plots (Figs. 10 & 11).

DISCUSSION

We designed our experiment to mimic the effects of
a catastrophic terrigenous sediment deposition event
occurring on the tidal flats of an estuary. Our results
clearly demonstrate the direct negative effects of fine
and cohesive terrigenous sediments on benthic marine
communities. The dominant effect of the sediment
deposition was defaunation of the underlying sedi-
ments due to physical smothering and the induction of
anoxia. Initial responses of benthic macrofauna to the
sudden deposition of clay were rapid and virtually
identical at the 2 intertidal sites and at the different
levels of deposition. After only 3 d, macrofaunal abun-
dance was reduced by up to 69 % at the Exposed site,
and by up to 59% at the Sheltered site, and the sedi-
ments underlying the clay depositions were reduced
with a distinct odour of hydrogen sulphide. After 10 d,
virtually no animals were found alive under the clay.
With the exception of mud crabs, no animals were
observed to emerge through the clay deposits. After
the initial collapse of the benthic communities, the
2 sites followed different recovery pathways, high-
lighting the importance of site-specific interactions
between abiotic and biotic factors influencing succes-
sion. The storm removed the clay from the Exposed
site and subsequent recovery was rapid. However, the
Exposed site continued to exhibit stochastic fluctua-
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tions, perhaps due to the disturbance history, and
recovery of large deep burrowing individuals was still
not complete after 151 d (Fig. 6). As the presence of
adult deeper-dwelling species, such as Macomona lili-
ana, has been shown to facilitate the colonisation of
surface dwelling juveniles (Thrush et al. 1992), it is
possible that lack of recovery of the deeper sediments
contributed to the apparent instability of the shallow
dwelling community. At the Sheltered site, where the
clay remained intact, recovery was still incomplete
after more than 13 mo. Thus, our expectation that there
would be differences in the rate and mechanisms of
recovery at the 2 sites proved to be correct. However,
although the clay deposits persisted at the Sheltered
site but not at the Exposed site, no difference in the ini-
tial tolerance of resident macrofauna to sedimentation
events was detected between the sites.

Initial faunal responses to terrigenous clay deposits

Recovery following sedimentation events can occur
through passive and active migration from surround-
ing undisturbed areas, through larval colonisation or
by the vertical migration of the buried infauna. The
capability of benthic invertebrates for vertical migra-
tion depends on factors such as the depth of sediment
deposition, duration of burial, the composition and
temperature of the sediment and the mode of living of
the fauna (Maurer et al. 1986). While most benthic
invertebrates have an inherent burrowing ability,
generally infaunal species such as polychaetes and
bivalves are better adapted to movements in sediments
than epibenthic species (Stanley 1970, Kranz 1974,
Chandrasekara & Frid 1998). However, the silt content
of the sediment can dramatically affect the ability of
fauna to emerge through sediments; Maurer et al.
(1986) showed that even a 20% silt-clay content in
dredge-disposal sediments dramatically decreased
the survival and vertical migration of bivalves and
amphipods. These negative effects were further exac-
erbated in sediments with higher silt-clay content.
Kranz (1974) showed responses to be age/size depen-
dent; larger bivalves had higher escape probabilities
than smaller ones, but this response differed greatly
with species. In our study, with the exception of crabs,
which appeared to easily move up through the clay, we
saw no evidence of species-dependent differences in
the ability of macrofauna to move up through the ter-
rigenous clay layer. Even only 4 cm of terrigenous sed-
iment proved fatal to benthic invertebrates. Thus, any
subtle and fine-scale effects of the deposition of sedi-
ments on the macrofaunal community were absent in
our study. Laboratory experiments conducted on some
of the dominant invertebrate species found in this
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Fig. 11. Number of crab burrows (mean + SD) assessed from
0.25 m? photo quadrates at the Sheltered site over time

study demonstrated that clay sediments of similar com-
position to that used in this experiment (50% water
content) failed to provide leverage for animals to move
up to the surface (unpubl. data). Initially the clay plots
were very fluid but then rapidly de-watered in the
sunny and calm weather (Fig. 3). The water content in
the clay plots was reduced to around 30 % after 10 d,
but by then the benthic community had collapsed.

The role of bioturbation by crabs in modifying the
clay deposits

Crabs played an important role in modifying the ter-
rigenous clay habitat and making it more suitable for
other colonising macrofauna, albeit slowly. The small
(1 to 2 cm carapace width) mud crab Helice crassa is an
important bioturbator on many New Zealand mudflats
and is most abundant in muddy fine sediments, where
they can maintain their burrows (Nye 1977, Morrisey et
al. 1999). Thus, the deposited clays provided a suitable
habitat extension in areas dominated by more sandy
sediments. We found high densities of all life stages (i.e.
adults, juveniles and megalope) of this crab colonising
the clay plots at the Sheltered site. The role of the crabs
in remobilising the clay plots was apparent, with a max-
imum of 350 burrows recorded per 0.25 m? (Fig. 11).
The burrowing activity of mud crabs is likely to pro-
mote recovery by mixing the clay with the underlying
sediments. Gibbs et al. (2001) have shown this mixing
process to be directly linked to the depth of the clay
layer and the size of the crabs. In areas dominated by
large crabs, the thickness of the clay layer was signifi-
cantly reduced. Similar to the processes described by
Iribarne et al. (1997), burrows were important in trap-
ping natural sediments, thus facilitating recovery.

Crabs are often important habitat modifiers with
significant influences on microtopography (Bertness
1985, Thrush 1986) and sediment biogeochemistry
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(Wolfrath 1992), with both direct and indirect effects
on the associated macrofauna (Thrush 1988, Botto &
Iribarne 1999). Bioturbation by crabs and other species
has been shown to alter recruitment patterns by in-
creasing the mortality of settling larvae (Woodin 1976,
Thrush 1988) or increasing survival by providing
refuge (Tamaki & Ingole 1993). The importance of pro-
motive and inhibitive processes can vary with scale,
with negative density-dependent effects of bioturba-
tion occurring over small scales while the positive
effects of habitat change become more apparent over
broader spatial scales (Bertness & Leonard 1997). In-
creases in the size and density of biogenic structures
such as those created by crabs is often considered a
prerequisite and a ‘typical’ facilitation mechanism for
ongoing succession and also a classical end-point in
gradients of successional change in soft-sediment com-
munities (Pearson & Rosenberg 1978, Rhoads et al.
1978, Bonsdorff & Pearson 1999).

Wind-wave disturbance and sediment transport

Episodic wind-wave disturbance played a key role in
facilitating recovery at the Exposed site. This was
demonstrated through the removal of the terrigenous
clay layers, the reduction in microphytobenthic bio-
mass (Fig. 3h), and the recovery of the shallow
dwelling component of the macrofaunal community
(Figs. 5 & 6). In contrast, the ecological effects of the
storm at the Sheltered site were seemingly negligible.
Except for extreme cases, storm events are unlikely to
remove or kill all organisms; larger and more deep-
burrowing species are likely to persist (McCall 1977).
The potential for waves to influence dispersion and
displacement of sediments and benthic invertebrates
on estuarine intertidal sandflats is often a function of
the interaction between small waves and tidal currents
(Bell et al. 1997). The analysis of the wave energy
needed for initiating sediment transport (U, ;) dem-
onstrated that waves initiating transport of the median
particle sized sediments found at both sites occurred
only 8.5% of the time at the Sheltered site, but 16 % of
the time at the Exposed site. This serves as a relative
comparison only, as the role of biogenic processes
operating at the sites (e.g. sediment-binding micro-
phytobenthos; Paterson & Black 1999) are not included
in these calculations. Although the Sheltered site was
physically benign, sediment transport appeared to in-
fluence recovery, as indicated by the increased rate of
sand accumulation on top of the clay plots of de-
creasing thickness. Colonisation by microphytoben-
thos and benthic invertebrates are likely to be linked to
the deposition of sand on the terrigenous clay layers.
Microphytobenthos provides an important food source

for benthic heterotrophs (e.g. Heip et al. 1995) and
hence the concurrent colonisation of microphytoben-
thos and benthic invertebrates ensures food for the
invertebrate colonists. Thus, although lacking the force
needed to remove the clay, hydrodynamics still played
an important role at the Sheltered site.

Infaunal colonisation

Intertidal sandflats with high rates of sediment trans-
port are dynamic environments for surface- and near
surface-dwelling invertebrates. Dispersal of post-
settlement juveniles and adults of benthic invertebrates
occurs both passively, associated with sediment bed-
load transport (e.g. Emerson & Grant 1991, Commito et
al. 1995, Turner et al. 1997), and actively (e.g. Sigurds-
son et al. 1976, Beukema & de Vlas 1989, Armonies
1992, Cummings et al. 1993). Irrespective of whether
dispersal is passive or active, the net effects are likely to
correlate with the hydrodynamic regime (e.g. Emerson
& Grant 1991). However, significant faunal dispersal
can still occur under very low energy wave conditions
(Norkko et al. 2001). Macrofaunal species with differ-
ent modes of living within the sediment will have dif-
ferent potentials to be moved by waves (Tamaki 1987),
and thus a combination of behaviour and resistance to
transport by waves may result in species-dependent
differences in colonisation. At the Sheltered site, juve-
nile stages of the common bivalves (Nucula hartvi-
giana, Macomona liliana and Austrovenus stutchburyi)
contributed to recovery, but only in low numbers,
whereas the orbinid Scoloplos cylindrifer was the nu-
merical dominant in the partial recovery process. The
unifying trait for all colonists recorded in our study was
mobility, either through the active behaviour of crabs or
the recruitment of surface-dwelling species associated
with sediment bedload transport. Larval colonisation
was also implicated by the presence of occasional crab
megalope, and a massive recruitment of the spionid
Aquilaspio aucklandica was detected in the control
plots at Day 408, but virtually none colonised the clay
plots (Fig. 10). It is likely that some of the colonist spe-
cies actively avoid the terrigenous clay sediments in
response to physical or chemical cues (Woodin 1991).

Catchment erosion, catastrophic sediment deposition
and habitat change

Sediment run-off from land has recently been recog-
nised as a significant threat to marine coastal commu-
nities (GESAMP 1994), and landscape, land-use, soil
types and rainfall are important factors influencing this
threat. Problems with land erosion and increasing
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deposition of fine sediment in estuaries are related to
the rapid growth of human populations in coastal areas
(Gray 1997). A recent Tasmanian study demonstrated
a direct relationship between catchment urbanisation
(measured as human population density within the
catchment) and the increasing silt/clay content of estu-
aries and changes in the biota (Edgar & Barrett 2000).
Even low human densities (<1 inhabitant km™2) were
found to have resulted in changes in estuarine charac-
teristics. In New Zealand, soil erosion is seen as a
major problem (see Griffiths & Glasby 1985). Apart
from catchment urbanisation, soil erosion in New
Zealand is exacerbated by young volcanogenic soils,
steep land, deforestation and high annual rainfall.
Catchment erosion can occur both through the contin-
uous process of surface erosion, but also through larger
slips or landslides that contribute large quantities of
sub-surface soils to aquatic systems (Fahey & Coker
1992, Konar & Roberts 1996). Our own observations
and anecdotal evidence from around New Zealand
suggests that such landslide events do occur in con-
nection with storm events, producing massive slugs of
fine terrigenous sediments entering estuaries.

Concluding remarks

Our study suggests that the persistence of terrige-
nous clay deposits on sandflats depends on location
and the prevailing hydrodynamic regime, and the
results point at the possibly very destructive effects of
heavy sediment deposition events on intertidal soft-
sediment communities. The fine terrigenous clays ‘cap’
the marine sediments, affecting biogeochemical fluxes
and inducing hypoxia and anoxia. These effects were
probably intensified because the clay deposits had

higher organic content than the surrounding sedi-
ments. Despite the relatively small spatial scale of dis-
turbance (3.14 m?) in our experiment, plots remained
intact and were persistent in producing long-lasting
effects and remarkably slow recovery. Even at the
more physically controlled Exposed site, recovery of
the deeper sediment layers was incomplete after 151 d.
At the Sheltered site, longer-term habitat change
resulted. Although the most dramatic effects of distur-
bance are the short-term consequences of mortality,
perhaps the most important effects are the longer-term
consequences for resource availability through alter-
ation of habitat (Huston 1994). In such instances
‘recovered’ post-disturbance communities can become
substantially different from pre-disturbance commu-
nities. As Edgar & Barret (2000) pointed out-most
temperate estuaries around the world lack pristine
reference estuaries that have not already undergone
significant changes due to human activities. Thus, we
suffer from the problem of reduced expectations and
‘shifting baselines’ (Dayton et al. 1998) when assessing
sedimentation impacts in estuaries. Although sedi-
ments have been recognised to pose a threat to coastal
biodiversity, very little information is available. More
information is urgently needed on the effects of ter-
rigenous sediments on the biota, including the more
subtle effects of thinner sediment depositions and the
chronic effects of habitat change.
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Appendix 1. Results of repeated-measure 1-way ANOVA. Model and error degrees of freedom for individual times = 3 and 8.
*p-value is Huynh-Feldt corrected. Contrasts on individual days are only presented where significant (p < 0.05). Lines connect
treatments not significantly different from each other. MC: multiple comparisons

Variable df MS F-value p-value Day MS p-value MC

A. Sediment characteristics

Chl a

Exposed site

Time 7 18.67 142.79 0.0001 1 154 0.0001 C>369

Time x Treatment 21 4.207 32.16 0.0001 3 17.6 0.0001 C>369

Error (time) 56 0.130 10 12.3 0.0001 C>639

Sheltered site

Time 7 10.13 23.23 0.0001 1 7.53 0.0001 C>936

Time x Treatment 21 1.59 3.66 0.0032* 3 10.1 0.0001 C>963

Error (time) 56 0.44 10 4.05 0.0002 C>369
32 1.87 0.0001 C>3>69
91 5.19 0.0007 C>369

151 6.13 0.0386 C>369
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Appendix 1 (continued)

Variable df MS F-value p-value Day MS p-value MC
A. Sediment characteristics (continued)
Organic content
Exposed site
Time 7 15.84 132.88 0.0001 1 7.613 0.0002 963>C
Time % Treatment 21 2.306 19.34 0.0001 3 9.27 0.0264 963>C
Error (time) 21 0.119 10 5.78 0.0038 639>C
Sheltered site
Time 8 10.97 26.23 0.0001 1 8.68 0.0001 369>C
Time % Treatment 24 1.413 3.38 0.0002 3 7.71 0.0001 369>C
Error (time) 64 0.418 10 9.54 0.0001 963>C
32 12.8 0.0004 639>C
91 12.9 0.0104 963 C
151 5.93 0.0001 693>C
222 3.23 0.0314 693 C
Clay depth
Exposed site
Time 3 0.471 2.47 0.0949 1 36.4 0.0004 9>6>3
Time X Treatment 6 1.07 5.62 0.0019 2 28.3 0.0001 9>6>3
Error (time) 18 0.191 3 32.5 0.0009 9 6>3
10 16.8 0.0062 9 6>3
Sheltered site
Time 10 9.66 35.7 0.0001 1 30.5 0.0001 9>6>3
Time % Treatment 20 2.513 9.28 0.0001 2 26.1 0.0001 9>6>3
Error (time) 60 0.270 3 27.5 0.0001 9>6>3
10 27.3 0.0001 9>6>3
32 19.3 0.0001 9>6>3
67 23.9 0.0001 9>6>3
91 9.01 0.0177 9>6>3
151 10.1 0.0002 9>6>3
222 7 0.0264 9>6>3
300 3.04 0.03 9 6 3
408 2.70 0.0004 9>6>3
B. Fauna—full core
Number of ind.
Exposed site
Time 7 5121 29.5 0.0001 3 2891 0.0029 C>369
Time % Treatment 21 588 3.34 0.001 10 2456 0.0001 C>936
Error (time) 56 174
Sheltered site
Time 7 1260 11.61 0.0001 3 210 0.0012 C>369
Time % Treatment 21 306 2.82 0.0014 10 604 0.0001 C>396
Error (time) 56 108 32 690 0.0001 C>369
151 761 0.0117 C693
222 2310 0.0004 C>396
408 1463 0.0019 C>369
Number of taxa
Exposed site
Time 7 131 28.15 0.0001 3 80.4 0.0001 C>369
Time % Treatment 21 18.9 4.13 0.0001 10 126 0.0001 C>396
Error (time) 56 4.56
Sheltered site
Time 7 77 9.58 0.00001 10 106 0.0001 C>396
Time % Treatment 21 15.8 1.96 0.0233* 32 80.3 0.0001 C>369
Error (time) 56 8.04 151 80.8 0.012 CcC639
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Appendix 1 (continued)

Variable df MS F-value p-value Day MS p-value MC

B. Fauna —top 2 cm of core

Number of ind.

Exposed site

Time 7 5048 34.75 0.0001 3 4712 0.0001 C>369

Time X Treatment 21 712 491 0.0001 10 2125 0.0001 C>396

Error (time) 56 145

Sheltered site

Time 7 1329 26.9 0.0001 3 255 0.0003 C>396

Time X Treatment 21 222 4.5 0.0001 10 517 0.0001 C>396

Error (time) 56 49.4 32 306 0.0001 C>396

91 382 0.0088 C>639

151 541 0.0001 C>963
222 1651 0.0001 C>369
408 1279 0.0017 C>369

Number of taxa

Exposed site

Time 7 131 22.4 0.0001 3 140 0.0002 C>369

Time x Treatment 21 25 4.25 0.0001 10 125 0.0002 C>396

Error (time) 56 5.87

Sheltered site

Time 7 82.4 19.8 0.0001 3 24.9 0.004 C>396

Time x Treatment 21 7.72 1.85 0.0810* 10 104 0.0001 C>396

Error (time) 56 4.16 32 58.1 0.0001 C>396

91 29 0.002 C>369

151 44.3 0.0001 C>693

B. Fauna—bottom 2 to 15 ¢cm of core

Number of ind.

Exposed site

Time 7 313 12.11 0.0001 3 518 0.0402 369>C

Time X Treatment 21 102 3.93 0.0004*

Error (time) 56 25.9

Sheltered site

Time 7 42.8 0.96 0.4699 32 77.2 0.014 C>639

Time X Treatment 21 43.3 0.97 0.5115

Error (time) 56 44.5

Number of taxa

Exposed site

Time 7 23 10.11 0.0001 3 6.33 0.0459 369>C

Time x Treatment 21 3.82 1.67 0.0642 91 6 0.0191 CcC396

Error (time) 56 2.78

Sheltered site

Time 7 16.1 2.65 0.0192 32 20.5 0.0013 C>639

Time X Treatment 21 6.9 1.14 0.3372

Error (time) 56 6.05

C. Crab burrows —sheltered site

Time 4 79153 64.1 0.0001 2 590 0.0027 3C96

Time % Treatment 18 10518 8.52 0.0001 10 20.3 0.0108 963>C

Error (time) 48 1235 32 113.6 0.0198 693>C
151 10545 0.0001 693>C
222 66874 0.0008 693>C
300 29171 0.003 963>C
408 13565 0.0085 963>C
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