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INTRODUCTION

The persistence of a population over time or in a
given geographical area often depends on its ability to
disperse (e.g. Scheltema 1995). In soft-sediment sys-
tems, colonisation may occur via dispersal of a variety
of life history stages (e.g. larvae, post-settlement juve-
niles and adults). Previously, larval dispersal was con-
sidered the major way that species colonised new
areas, and for post-settlement individuals the general
view was that crawling or burrowing was the predom-
inant dispersal mode (e.g. Smith & Brumsickle 1989).

However, this view has changed and post-settlement
dispersal of adult and juvenile forms, particularly via
the water column, is now well-documented (e.g. But-
man 1987, Günther 1992, Armonies 1994, Cummings
et al. 1995, Olivier et al. 1996a, Stocks 2002). While
the relative contributions of the different modes of
dispersal to the recovery of disturbed areas is not
well known, post-settlement individuals are frequently
important in recolonisation after disturbance (Bagger-
man 1953, Commito et al. 1995, Hunt & Mullineaux
2002). It is generally considered that the larger the size
of the disturbed area, the more important larval dis-
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persal is; however, given that many post-settlement
organisms also disperse in the water column, these
individuals are also likely to play an important role on
a large spatial scale.

Sedimentation is a widely recognised disturbance
agent in marine environments (e.g. Moore 1977,
McFarland & Peddicord 1980, Milliman & Meade 1983,
Peterson 1985, Smith & Kukert 1996, Gray 1997,
McClanahan & Obura 1997, Alongi 1998, Edgar & Bar-
rett 2000, Cicin-Sain et al. 2002, Duarte 2002, Airoldi
2003), and the broad-scale degradation of valuable
nearshore marine habitats due to elevated rates of
sedimentation is of global concern (e.g. McKnight
1969, Peterson 1985, Lundin & Linden 1993, GESAMP
1994, Gray 1997, Ellis et al. 2000). Sediment accumula-
tion is often a result of discrete events that deposit ter-
restrial sediments during storms (e.g. Foster & Carter
1997, Wheatcroft 2000), and a large proportion of the
sediment deposited in the marine environment in such
episodic events is derived from subsurface soils, asso-
ciated with small landslides (Hicks et al. 2000). These
terrestrial sediments have characteristics markedly dif-
ferent from those of marine sediments in terms of their
nutrient content and geotechnical properties, and can
be deposited on marine sediments of different particle
size (e.g. Wheatcroft & Borgeld 2000, Gibbs et al. 2001,
Cummings et al. 2003, Hewitt et al. 2003).

Over time, terrestrial sediment deposits become
incorporated into the ambient marine sediments, a pro-
cess which can be facilitated by bioturbation of crabs
and by erosion due to wind-wave action (e.g. Norkko
et al. 2002, Cummings et al. 2003). Other deposits
remain intact and move down the sediment column as
the terrestrial deposit gets smothered by marine
sediment. Finally, the deposit may become mixed
with ambient sediments, and thus essentially ‘diluted’.
While the latter 2 mechanisms are more common for
thinner allochthonous (<5 cm) deposits (e.g. Hewitt
et al. 2003, Thrush et al. 2003), it is difficult to gener-
alise, as environmental conditions play a major role in
determining the fate of the deposits.

Field experiments designed to simulate storm-
associated deposition of terrestrially-derived sedi-
ments on intertidal sandflats in New Zealand have
documented the smothering of benthic communities
by 2 to 10 cm deep deposits (Norkko et al. 2002, Cum-
mings et al. 2003, Hewitt et al. 2003, Thrush et al.
2003). Furthermore, these experiments have shown
that recovery is very slow (of the order of months to
years). For example, numbers of macrofaunal colonists
in 10 cm deep terrestrial sediment deposits remained
lower than in natural sediments throughout a 4.5 mo
experiment in Whangapoua Harbour (Cummings et al.
2003). The characteristics of these deposits remained
considerably distinct from those of the surrounding

sandflat (e.g. lower sediment chlorophyll a, higher
clay, silt, N and P content than ambient sediments;
Cummings et al. 2003), perhaps explaining why rapid
recolonisation does not occur. In a companion experi-
ment on the same sandflat, the macrofaunal commu-
nity in 3 cm-thick terrestrial sediments was still very
unstable in comparison to the ambient macrobenthic
community 20 mo after the deposition of the terrestrial
sediment (Hewitt et al. 2003). The community com-
position of the terrestrial sediment plots varied from
1 sampling occasion to the next, and was comprised
mostly of mobile taxa, with fewer individuals and taxa
than the natural sandflat (Hewitt et al. 2003). This
latter result was surprising, given that sand trans-
ported as bedload from the surrounding sandflat
gradually covered the terrestrial deposits, and that
large numbers of macrofaunal colonists (particularly
bivalves) are generally transported with bedload (e.g.
Emerson & Grant 1991, Commito et al. 1995, Hewitt et
al. 1997). Thus it appears that bivalves dispersing
as juveniles do not settle and become established in
these deposits.

This paper describes the results of a series of labora-
tory and field experiments designed to investigate the
behavioural response of juveniles of 2 bivalve spe-
cies (i.e. the mesodesmatid Paphies australis and
the tellinid Macomona liliana) to terrestrial sediment
deposits. Both species are common and ecologically
important in benthic communities on sandflats
throughout New Zealand. They are able to actively
disperse as juveniles, in association with bedload
transport and by drifting in the water column (Cum-
mings et al. 1993, 1995, Hooker 1995, Hooker & Creese
1995, Norkko et al. 2001), and are known to do so in
response to ‘unfavourable‘ conditions (e.g. the pres-
ence of tube-building spionid polychaetes, toxins;
Pridmore et al. 1991, Cummings et al. 1996). We inves-
tigated the effect of exposure to terrestrial sediments
on the burrowing ability of these bivalves in static
laboratory conditions, and used field experiments to
assess their response to terrestrial sediments that had
been exposed to the natural estuarine environment
for different lengths of time. Our study investigated
responses to thin (1.0 and 0.5 cm) layers of terrestrial
sediment; such deposits occur frequently throughout
New Zealand and the Pacific Rim (Lohrer et al. 2004).
As our laboratory experiments were conducted in
static water, the only responses possible for an individ-
ual were to burrow into the terrestrial sediment, or
remain on the surface: they were unable to crawl or
drift away. Thus, the aim of the field experiments was
to determine whether juvenile P. australis and/or M.
liliana exhibit a behavioural response to terrestrial
sediment deposits when they are exposed to natural
flow conditions. We hypothesised that: (1) juvenile
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bivalves would burrow more slowly in terrestrial
deposits than in natural sediments; (2) exposure to the
terrestrial sediments would affect the juveniles ability
to subsequently burrow in natural sediments; and
(3) in the natural field situation, the rate of dispersal
of juveniles’ from experimental terrestrial sediment
deposits would be higher than from natural sediments.

MATERIALS AND METHODS

Species descriptions and collection methods. The
bivalves Paphies australis and Macomona liliana are
common on intertidal sandflats in estuaries throughout
New Zealand. The deposit-feeding M. liliana inhabit
sandy sediments at around mid-low tide level, while
the suspension-feeding P. australis occur lower on the
shore, in more exposed areas with high flow velocities
and relatively coarse sediments.

Juvenile Paphies australis and Macomona liliana
were collected by sieving surface sandflat sediments
(top 1 to 2 cm) in seawater. P. australis were collected
using a 2 mm mesh, while M. liliana were sieved on a
500 µm mesh. The sieve sizes used varied for each
species due to differences in the sediment grain size of
their respective habitats. Although the P. australis used
in these experiments were larger than the M. liliana, it
is likely that they were of similar age (i.e. ≤1 yr old) as
P. australis reach a considerably larger size as adults.
Details of the collection sites are given below.

Terrestrial sediments. The terrestrial sediments
used in the laboratory and field experiments were col-
lected from 1 of 2 different catchments on the east
coast of the northern North Island (i.e. Whangapoua on
the Coromandel Peninsula, and Whitford in the Auck-
land region). In both catchments, the terrestrial sedi-
ments have a higher mud content (i.e. silt and clay)
than their respective sandflat sediments. The 2 catch-
ments differ in the proportion of silt their sediments
contain. The Whangapoua sediments are subsurface-
layer volcanic clays dominated by kaolin minerals. The
terrestrial sediments obtained from this catchment
comprised 2.8% clay, 38.5% silt, 56% fine sand and
2.7% medium sand. The Whitford sediments are New
Zealand brown soils, dominated by kaolin and vermi-
culite. These terrestrial sediments comprised 6.46%
clay, 72.82% silt, 18.3% fine sand, 1.24% medium
sand and 1.18% coarse sand. All sediments were
mixed with seawater (either 60:40 or 70:30 sea-
water:sediment) prior to being used in the experi-
ments. Previous experiments had shown that the
amount of seawater with which the sediments are
mixed prior to deposition on the sandflat has
no detectable effect on macrofaunal recolonisation
(Cummings et al. 2003).

Laboratory experiments. A series of laboratory
experiments were conducted to assess the ability of
Paphies australis and Macomona liliana to burrow into
terrestrial sediment deposits (see Table 1 for summary
and details of experiments conducted). Experimental
treatments were chosen to investigate the effect of the
thickness of surface layers (i.e. 1 cm vs 0.5 cm), as well
as the presence of a subsurface layer (i.e. a 0.5 cm ter-
restrial sediment layer covered by 0.5 cm of ambient
sediment). The latter treatment was included to mimic
our field observations, which show that terrestrial
sediment deposits may gradually become buried by
sediments from the surrounding sandflat transported
with bedload (Hewitt et al. 2003, Thrush et al. 2003).
All experiments also included a ‘control‘ sand treat-
ment. This consisted of ambient sediment collected
from the same sandflat as the bivalves that had been
sieved to remove fauna (2 mm and 500 µm mesh for
M. liliana and P. australis experiments, respectively),
frozen overnight to defaunate and then thawed and
washed thoroughly with seawater.

Experiments were conducted separately for each
species in static aerated seawater at 20 to 21°C, under
approximately 12 h:12 h light:dark conditions. Paphies
australis were collected from a sandflat in Whitianga
Harbour, Coromandel Peninsula, and ranged from 6.0
to 16.0 mm in shell length. Macomona liliana were col-
lected from the Wairoa Island sandflat, Auckland, and
ranged from 1.5 to 3.6 mm in shell length. Bivalves
were collected from sandflats adjacent to field experi-
mental sites (described in next subsection) and were
used in experiments within 24 h of collection.

Each treatment replicate was established in a small
plastic cup (5 cm diameter, 4.5 cm high). A 2 cm-deep
layer of control sand was added to each cup, and the
appropriate terrestrial sediment treatment was added
on top of it. Replicates of each treatment were arranged
in a randomised block design in 10 cm-deep trays. The
trays were filled to within 1 cm of the top with aerated
seawater; thus 6 cm of water covered the surface of the
1 cm surface and the submerged terrestrial sediment
treatments, and 6.5 cm deep water covered the 0.5 cm
surface terrestrial sediment treatment. The appropriate
numbers of individual bivalves were then added to
each replicate: i.e. 5 Paphies australis or 10 Macomona
liliana (see Table 1). The number of individuals that had
not burrowed was noted over several hours following
addition (see Table 1 for observation details). This
phase of the experiment will be referred to as ‘initial
burrowing‘. After the final observation, all individu-
als were recovered from each treatment replicate by
gently sieving the sediments in seawater. To determine
whether exposure to the treatments had affected their
ability to reburrow in control sand, all bivalves were
then added to cups containing a 2 cm layer of control
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sand, while still keeping replicates of each treatment
separate. The number of individuals that had not bur-
rowed was then noted over the following several hours,
as described for the treatment sediments (Table 1). This
phase of the experiment will be referred to as ‘rebur-
rowing‘.The number of individuals is expressed as a per-
centage of those added to each replicate (mean ± SE).

Field experiments. Site descriptions: Field experi-
ments with Paphies australis and Macomona liliana
were conducted on different sandflats, with a high
ambient density of each species. Bivalves were col-
lected from these sandflats by sieving surface sedi-
ments, as described for the laboratory experiments.

Paphies australis field experiments were conducted
at mid low-tide level on an intertidal sandflat in Whi-
tianga Harbour (36° 50’ S, 176° 11’ E), Coromandel Pen-
insula. These sandflat sediments are comprised pre-
dominantly of medium (45%), fine (25%) and coarse
(24%) sand. Densities of juvenile P. australis ranged
from approximately 2 to 20 individuals 0.0177 m–2.

Macomona liliana field experiments were conducted
at mid-tide level on an intertidal sandflat in the
Whitford Embayment (36° 54’ S, 174° 57’ E), near Auck-
land. Sediments at this site are comprised mostly of
fine sand (98.2%). Densities of juvenile M. liliana at
this site ranged from approximately 1 to 12 individuals
0.0177 m–2.

Terrestrial sediment preparation: To investigate
whether colonisation of terrestrial sediment deposits
by bivalves was affected by the length of time the
terrestrial sediment remained in the estuarine envi-
ronment, a ‘source plot‘ of terrestrial sediment was
established on each sandflat. Terrestrial sediment
was collected from a nearby road-cutting/landfill and
mixed with seawater in a concrete mixer. It was then
sprayed into a 2 m-diameter area on the sandflat to a
depth of 5 cm. The source plot was surrounded by a
metal ring, which had been previously inserted into
the sediment so that about 10 cm protruded, thus
preventing the terrestrial sediment from dispersing.
The ring was removed after a few days.

General experimental set-up: Each field experiment
consisted of a number of 15.5 cm-diameter plots. Treat-
ment replicates (7 to 10 replicates, depending on the
experiment) were arranged in rows on the sandflat,
following a Latin-square design. Rows were oriented
parallel to the shoreline, with 5 to 10 m between
adjacent rows, and with each replicate within a row
separated by 5 m. Details of the treatments used for
each experiment are given below.

Plots were established during low tide. Previous
experimental work had shown that adding terrestrial
sediment to the sandflat when it is covered or uncov-
ered by the tide has no effect on macrofaunal recoloni-
sation (Cummings et al. 2003). For terrestrial sediment

treatments, a 15.5 cm (internal diameter), 3 cm-deep
PVC ring was pushed into the sediment so that 1 cm
protruded above the surface. Sediment from the
source plot was collected using a small trowel, and the
ring was filled to the top. The ring was then carefully
removed, leaving a 1 cm-deep layer of terrestrial sedi-
ment. For natural sandflat sediment treatments, rings
were pushed into the sediment and then removed, to
mark the edges of the plots. Only the terrestrial sedi-
ment treatment plots were elevated, and not the ‘con-
trol’ natural sandflat treatment plots, because (1) ele-
vation is a real phenomena associated with terrestrial
sediment deposits, and (2) we wanted to retain the
natural structure (physical and biological) of the sand-
flat sediments without creating a disturbance arte-
fact. In addition, the hydrodynamic environment of the
sandflat is naturally turbulent and dominated by small,
and often breaking, wind-waves: under such condi-
tions, we do not consider that any modification to
boundary flow over the elevated plots would affect
bivalve responses. Marked bivalves were added to
each plot. Marking the bivalves (with non-toxic spray
paint or a permanent marker pen) enabled us to distin-
guish individuals which we had added to the plots
from those which might have moved in from outside, or
were already resident in the natural sandflat treat-
ments. Neither method of marking appeared to affect
bivalve behaviour, and both had been used success-
fully in previous experiments (Thrush et al. 1997).

For each sediment type used in the experiments, ‘net-
covered’ (2 mm mesh) treatments were also included.
These nets controlled for natural movement (due to ero-
sion or behaviour) of the bivalves away from the plots,
and enabled us to assess burrowing of the juveniles in
the field. Nets consisted of mesh circles of the same
diameter as the plots, with 5 cm-high walls. They were
carefully pushed into the sediment so that they pro-
truded 2 cm above the treatment surface, and were
pegged down to prevent them being washed away. The
nets used in the experiment failed to produce the com-
monly reported artefacts of increased deposition of fine
sediments indicative of dampened flow conditions.
Sediment ripples, symptomatic of bedload transport,
migrated through the caged plots without modification.
The edges of plots without nets (‘uncovered’ plots) were
marked with small metal pegs. Net-covered treatments
were never statistically compared with uncovered treat-
ments (see subsection ‘Statistical analyses’ below).

Plots were left undisturbed for approximately 24 h
(1 tidal cycle), after which time the following observa-
tions were made: (1) numbers of marked bivalves
on the plot surface; (2) numbers of marked bivalves
buried inside the plot; (3) numbers of marked bivalves
which had left the plots (this number included individ-
uals found on the sediment surface outside the plot
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(within a 10 cm perimeter), individuals buried outside
the plot (within a 10 cm perimeter), and individuals
which were not recovered at all). These numbers are
presented as a percentage of the number of individuals
added to the plots (mean + SE).

Paphies australis experiments: We conducted 3 sep-
arate experiments using terrestrial sediment from the
source plot, 0, 7 and 28 d after it was deposited on the
sandflat (Expt 1A, B, C, respectively); 10 replicates of
each of the following treatments were used: uncovered
terrestrial sediment, net-covered terrestrial sediment,
uncovered natural sandflat, and net-covered natural
sandflat. We added 10 marked Paphies australis to
each replicate plot. The sizes of the P. australis used in
this series of experiments ranged from 4 to 20 mm, with
mean shell lengths (±SE) of 9.6 (±0.1), 9.8 (± 0.1) and
10.6 (±0.1) mm, in the 0, 7 and 28 d experiments,
respectively.

The results of these 3 experiments differed, with the
strongest juvenile Paphies australis response noted
when the terrestrial sediment was ‘new‘ (i.e. 0 d). To
confirm that the different results were in fact due to the
ageing of the source plot terrestrial sediment, and not
just an artefact of differences in the experimental con-
ditions and/or P. australis used on the different experi-
mental dates, an additional experiment was conducted
(Expt 2) that incorporated both ‘new‘ and ‘aged‘ terres-
trial sediment treatments. The following 6 treatments
were used in this experiment: new terrestrial sediment
(uncovered), new terrestrial sediment (net-covered),
aged terrestrial sediment (uncovered), aged terrestrial
sediment (net-covered), natural sandflat (uncovered),
and natural sandflat (net-covered).

The terrestrial sediment was sourced and mixed with
seawater in the same way as described for the initial
3 Paphies australis experiments. The ‘new‘ terrestrial
sediment treatment was mixed with seawater on the
same day as the experiment was set up. The ‘aged‘
terrestrial sediment had been placed in a ‘source plot‘
on the sandflat 18 d earlier. Seven replicates of each
treatment were established, and 9 individuals (4.5 to
19.5 mm shell length; mean ± SE = 10.9 ± 0.2 mm) were
added to each replicate. All other aspects of this exper-
iment were identical to those described above for the
initial P. australis experiments.

Macomona liliana aged terrestrial sediment experi-
ment: The treatments used in the Macomona liliana
experiment were the same as those described for the
Paphies australis aged terrestrial sediment experi-
ment, except that the aged terrestrial sediment had
been placed in a source plot on the sandflat 28 d ear-
lier. We added 10 M. liliana (3 to 9 mm shell length;
mean ± SE = 4.8 ± 0.06 mm) to each replicate.

Statistical analyses. Laboratory experiments: The
significance of differences between treatments in the

Paphies australis and Macomona liliana burrowing
and reburrowing responses were tested using re-
peated-measures ANOVA (Green 1993) (PROC GLM,
SAS Institute 1999). The normality and homogene-
ity of variance of the data was first assessed using
Shapiro-Wilk and F-max tests, respectively; when
data did not meet these assumptions, analyses were
conducted on rank-transformed data. Differences be-
tween treatment means were assessed using Duncan
or Tukey tests. If a significant interaction term was
detected, the analysis was conducted separately for
each time.

Field experiments: For each experiment, differences
between the net-covered treatments were analysed
separately from the uncovered treatments. These 2
treatment types investigated different aspects of the
bivalve‘s behaviour: the covered plots were essentially
a test of juvenile burrowing in the field, whilst the
uncovered plots incorporated juvenile dispersal (via
erosion or behaviour). In addition, the major response
variable for the uncovered treatments (i.e. the percent-
age of individuals which had left the plots) was not a
response variable for covered plots. Each data set was
tested for normality and homogeneity of variance, and
rank-transformed if appropriate, as described above
for the laboratory experiments. Differences between
treatments were tested using ANOVA (PROC t-test or
PROC GLM, SAS Institute 1999). Analyses were con-
ducted on the variables described above in the general
experimental setup (i.e. % of marked bivalves on the
plot surface, buried inside the plot, and missing from
the plots).

RESULTS

Paphies australis laboratory experiments

Normality tests of the burrowing and reburrowing
responses of Paphies australis after 2, 4 and 20 h
(Expt 1) and 2, 4 and 12 h (Expt 2) revealed that all data
were non-normally distributed; thus data were rank-
transformed prior to analysis. Because of significant
treatment × time interaction terms (Expt 1: burrowing
p < 0.0001, df = 6, F = 8.1; reburrowing p < 0.0001, df =
6, F = 34.7; Expt 2: burrowing p = 0.0005, F = 6.4, df =
6; reburrowing p = 0.0446, df = 6, F = 2.7), the analyses
were conducted separately for each time.

Initial burrowing

Paphies australis Expt 1. Expt 1 compared burrowing
into control sand and 0.5 and 1.0 cm-thick surface ter-
restrial sediment layers (Table 1). Paphies australis
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burrowed very slowly into the surface terrestrial sedi-
ment treatments compared to the control sand at all
times, with significant differences between all 3 treat-
ments after 20 h (4% remained on the surface of the
control sand, and 80 and 98% on the surface of the
0.5 and 1.0 cm terrestrial sediment treatments, respec-
tively; p < 0.0001, df = 3, F = 252.4; Fig. 1A). Few P. aus-
tralis had not burrowed into the control sand after 2 h
(16%).

Paphies australis Expt 2. Expt 2 compared burrowing
in control sand and submerged 0.5 cm-thick terrestrial
sediment layer (Table 1). As in the first experiment,
Paphies australis rapidly burrowed into the control
sand (only 10% remained on the surface after 2 h).
However, they were slower to burrow in the layered
terrestrial sediment treatment, with significantly more
on the sediment surface at all times (60 to 32%; p <
0.0001, df = 2; F = 74.8 after 2 h; p < 0.0001, df = 2;

F = 70.3 after 4 h; p < 0.0001, df = 2; F =
87.2 after 12 h; Fig. 1B). In comparison
to the surface terrestrial sediment treat-
ments, burrowing in the treatment with
submerged terrestrial sediment was rela-
tively high (cf. Fig. 1A,B).

Reburrowing

In both experiments, the Paphies aus-
tralis which had been exposed to the ter-
restrial sediment treatments were slower
reburrowing into control sand than those
exposed only to control sand (Fig. 1C,D).
In addition, in Expt 1, exposure to the 1 cm
surface terrestrial sediment layer appears
to have slowed the reburrowing ability of
the P. australis more than exposure to the
0.5 cm layer, as significantly more individ-
uals originating from the former treatment
remained on the sediment surface after
4 h (58% compared to 38% in the 0.5 cm
treatment; p < 0.0001, df = 3, F = 79.9;
Fig. 1C). After 20 h, there were no signifi-
cant differences between treatments. In
Expt 2, significantly more of the indi-
viduals originating from the submerged
0.5 cm terrestrial sediment treatment re-
mained on the surface after 12 h (24%)
than individuals originating from the con-
trol sand treatment (8%; p < 0.0001, df = 2,
F = 47.6; Fig. 1D).
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Laboratory experiments Terrestrial sediment Control sand N Size range Observations 
1 cm 0.5 cm 0.5 cm Source + bivalve source (mm) (h)

surface surface layered catchment

Paphies australis Expt 1 + + Whitianga Whitianga 5 6–16 [5] 2, 4, 20
Expt 2 + Whitianga Whitianga 5 8–15 [5] 2, 4, 12

Macomona liliana + + Whitfordti Manukau 100 1.5–3.6 [2.4] 2, 4, 20

Table 1. Summary of laboratory experiments; 10 replicates of each treatment were used in each experiment. 0.5 cm layered: 
0.5 cm-thick terrestrial sediment layer covered with 0.5 cm layer of control sand. N: no. of bivalves per replicate. Numbers in

square brackets: mean of size range

Fig. 1. Paphies australis. Initial burrowing and reburrowing of juveniles in
terrestrial sediment (TS) in laboratory showing (A) initial burrowing into
surface (0.5 and 1.0 cm-thick) terrestrial sediment and control sand treat-
ments, (B) initial burrowing into layered (0.5 cm terrestrial sediment cov-
ered by 0.5 cm control sand) and control sand treatments, and (C,D) re-
burrowing of same individuals subsequently introduced in control sand
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Macomona liliana laboratory experiment

Initial burrowing

The majority of the Macomona liliana burrowed
quickly in the control sand, with only 3% of individuals
still remaining on the surface after 2 h (Fig. 2A). Con-
versely, there was practically no burrowing in the
0.5 cm surface terrestrial sediment treatment, even
after 20 h (i.e. 95% remained on the surface; Fig. 2A).
The response of individuals to the submerged terres-
trial sediment treatment was initially more similar to
that of the control sand, with no significant difference
between these 2 treatments after 2 h. Interestingly
however, the numbers of M. liliana on the surface of
the submerged sediment treatment increased over the
experiment, and after 4 and 20 h were significantly
higher than in the controls (p < 0.0001, df = 3, F = 208.1
after 4 h; p < 0.0001, df = 3, F = 306.0 after 20 h;
Fig. 2A).

Reburrowing

Macomona liliana originating from the surface ter-
restrial sediment treatment were slowest to reburrow
into control sand (Fig. 2B). There were significant dif-
ferences between all treatments in numbers buried
after 2 and 4 h (p < 0.0001, df = 3, F = 88.9 after 2 h; p <
0.0001, df = 3, F = 90.2 after 4 h). After 20 h, significant
differences were detected between the surface terres-
trial sediment and control treatments only (8.3 and 0%,
respectively; p < 0.0001, df = 3, F = 58.4).

Paphies australis field experiments

Expt 1A: newly deposited terrestrial sediment (0 d)

At the end of this field experiment, more individuals
were found on the surface of the terrestrial sediment
treatment than in the natural sandflat treatment in

both the uncovered and net-covered plots (p = 0.0002,
df = 11.2, t = –5.4 for uncovered plots; p = 0.0003, df =
19, t = 4.4 for net-covered plots; Fig. 3A and D, respec-
tively). In addition, more Paphies australis had buried
into the natural sandflat in both cases (p = 0.0008, df =
19, t = 4.0 for uncovered plots; p = 0.0003, df = 19, t =
–4.4 for net-covered plots). There was no difference
between treatments in the percentage of individuals
which left the uncovered plots (p = 0.8613, df = 19, t =
0.2; Fig. 3A).

Expt 1B: aged terrestrial sediment (7 d)

The response of Paphies australis to terrestrial sedi-
ment that had been on the sandflat for 1 wk was
slightly different to that described above for newly
deposited terrestrial sediment. Few individuals were
found on the surface of any of the plots at the end of the
experiment (≤15%; Fig. 3B,E). There were no sig-
nificant differences between treatments for either re-
sponse variable in the net-covered treatments (p =
0.0652, df = 18, t = 2.0 for % individuals on the plot
surface, and p = 0.3506, df = 18, t = –1.0 for % buried
individuals; Fig. 3E). In the uncovered plots, however,
more P. australis had burrowed into the natural sand-
flat than into the terrestrial sediments (70 and 43%,
respectively; p = 0.0362, df = 18, t = 2.3; Fig. 3B). The
natural movement of P. australis away from the uncov-
ered plots was higher in this experiment, and signifi-
cantly more individuals left the terrestrial sediments
than the natural sandflat (46 and 19%, respectively;
p = 0.0423, df = 18, t = –2.2; Fig. 3B).

Expt 1C: aged terrestrial sediment (28 d)

This experiment used terrestrial sediment that had
been on the sandflat for almost 1 mo. In the uncovered
plots, fewer individuals had burrowed in the terrestrial
sediments than in the natural sandflat (53 and 74%
respectively; Fig. 3C; p = 0.0079, df = 18, t = 3.0) and
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Fig. 2. Macomona liliana. (A)
Initial burrowing of juveniles
in surface (0.5 cm-thick) and
layered (0.5 cm terrestrial
sediment covered by 0.5 cm of
control sand) terrestrial sedi-
ments (TS) and control sand
in laboratory; (B) reburrowing
of same individuals subse-
quently introduced into con-

trol sand
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more individuals had left the terrestrial sediments (44
and 23% in the sandflat; Fig. 3C; p = 0.0040, df = 18,
t = –3.3). No differences were detected between treat-
ments in the numbers of Paphies australis on the sur-
face of either the uncovered or net-covered plots (p =
1.0000, df = 18, t = 0.0 for uncovered plots; p = 0.0798,
df = 9.9, t = 2.0 for net-covered plots), or in the numbers
buried in the net-covered treatments (p = 0.0735, df =
10.2, t = –2.0; Fig. 3F).

Expt 2: new versus aged terrestrial sediment 
experiment (0 and 18 d, respectively)

The natural movement of Paphies australis from the
uncovered plots was very high in this experiment. All
the individuals added to the new and aged terrestrial
sediment treatments were either found outside the
plots at the end of the experiment, or were not recov-
ered (Fig. 4A). Consequently, we detected a significant
difference in the percentage of individuals that had
burrowed in the plots, with 10% buried in the natural
sandflat plots only (p = 0.0036, df = 2, F = 7.8; Fig. 4A).
This high movement from all treatments is likely to

be at least partially due to the stormy weather pre-
valent during this experiment, and the small size of
the experimental plots.

There was comparatively high burrowing activitiy in
all net-covered treatments; more Paphies australis had
burrowed in the natural sandflat and aged terrestrial
sediment treatments than in the new terrestrial sedi-
ment treatment (>90 and 73%, respectively; p =
0.0271, df = 2, F = 4.4; Fig. 4B). In addition, there were
significant differences between all treatments in the
percentage of individuals found on the plot surface,
with most on the new terrestrial sediments (25%) and
least on the natural sandflat sediments (0%; p = 0.0006,
df = 2, F = 11.4; Fig. 4B).

Macomona liliana field experiment: new versus aged
terrestrial sediment experiment (0 and 28 d, respectively)

While many of the individuals added to the uncov-
ered plots in this experiment were not recovered
(Fig. 5A), conditions were calmer during this experi-
ment in than in the Paphies australis experiment
detailed above. There were significant differences in
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Fig. 3. Paphies australis. Response of juvenile P. australis to surface (1.0 cm thick) terrestrial sediment (TS) in (A–C) uncovered
and (D–F) net-covered experiments in the field. Results of separate experiments, using terrestrial sediment that had been ‘aged’ 

for 0, 7 and 28 d on the sandflat as indicated. Natural: natural sandflat sediments
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the percentage of individuals that had left the plots,
with fewest missing from the new terrestrial sediments
(33%; p = 0.0252, df = 2, F = 4.6; Fig. 5A). Interestingly,
a high number of the Macomona liliana which re-
mained in the new terrestrial sediment were found on
the plot surface (44%; Fig. 5A): significantly more than
were found on the surface of the other treatments (0%
for natural sandflat, 10% for aged terrestrial sediment;
p < 0.0001, df = 2, F = 38.4). There were no differences
between treatments in the number of individuals
that had burrowed in the uncovered plots (p = 0.6209,
df = 2, F = 0.5).

A similar, but stronger, pattern in Macomona liliana’s
behaviour was noted for the covered treatment plots.
There were significant differences between all treat-
ments in the M. liliana recovered from the plot surface,
with most found on the surface of the new terrestrial
sediment treatment (74%), and least on the natural
sandflat (1%; p < 0.0001, df = 2, F = 49.1; Fig. 5B). Bur-

rowing in the plots was also significantly different
between all treatments, with most M. liliana burrowing
into the natural sandflat (94%), and least into the new
terrestrial sediments (21%; p < 0.0001, df = 2, F = 67.7;
Fig. 5B).

DISCUSSION

Previous investigations of the recovery of intertidal
sandflats from storm-associated deposition of terres-
trial sediment have demonstrated slow recolonisation
of the impacted areas by macrofauna (Norkko et
al. 2002, Cummings et al. 2003, Hewitt et al. 2003,
Thrush et al. 2003). Although sampling of experimen-
tal plots was conducted over periods from 212 to 603 d
in the different experiments, complete recovery was
never observed. Juveniles did not colonise the terres-
trial sediments, indicating that those that did settle
were quickly consumed by predators, that they left
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Fig. 4. Paphies australis. Response of juvenile P. australis to
surface (1.0 cm thick) terrestrial sediment in (A) uncovered
and (B) net-covered experiments in field, comparing re-
sponses to natural sandflat sediments (Natural) and new (0 d)

and aged (18 d) terrestrial sediment (TS)

Fig. 5. Macomona liliana. Response of juveniles to surface 
(1.0 cm thick) terrestrial sediment in (A) uncovered and (B)
net-covered experiments in the field, comparing responses to
natural sandflat sediments (Natural) and new (0 d), and aged

(28 d) terrestrial sediment (TS)
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quickly and dispersed to more suitable habitats, or
that they avoided settling in the deposits. The current
study has demonstrated that, for juveniles of 2 com-
mon and ecologically important bivalves, exposure to
surface and submerged layers of terrestrial sediments
slows their burrowing rates, and the effect of this
exposure persists even when the juveniles are subse-
quently introduced to more suitable sediments (Figs. 1
& 2). Behaviour associated with burrowing into and
dispersal from terrestrial deposits in the field was
changed for both species, although these behavioural
responses weakened with increasing length of time
the deposits had remained on the sandflat (Figs. 3
to 5). These results provide some insight into the
extremely low rate of recovery by macrobenthic
communities following the deposition of terrestrial
sediments, and the potential consequences this may
have for juvenile bivalves dispersing across disturbed
landscapes.

The responses of the juvenile bivalves observed in
our experiments demonstrate active choice in the face
of unfavourable conditions. In the laboratory, behav-
ioural responses were elicited when the juveniles were
exposed to either surface or submerged layers (0.5 cm
thick) of terrestrial sediment, although both Paphies
australis and Macomona liliana exhibited a slightly
stronger response to surface layers. These results pro-
vide an important mechanistic clue, at least for the
small M. liliana (maximum shell length in these ex-
periments = 3.6 mm): any mechanical difficulties they
may face when burrowing directly into the surface
terrestrial sediment (due, for example, to different
geotechnical properties) would not affect juveniles
burrowing into the treatments covered by a surface
layer of sand (i.e. submerged layer). This suggests
that the juveniles are responding to the presence, or
absence, of chemical/biogeochemical cues originating
directly from the terrestrial sediment. Woodin et al.
(1995) found similar effects on the burrowing ability of
juvenile macrofauna in a series of short-term (several
minutes) laboratory experiments that simulated bur-
rowing or removal of the top several millimetres of
sediment. Burrowing times of juvenile Arenicola cris-
tata and Mercenaria mercenaria were significantly
slower on recently disturbed surfaces than on undis-
turbed surfaces and, in flow conditions, those juveniles
that had not burrowedwere quickly eroded off the
sediment surface (Woodin et al. 1995). These responses
were attributed to the ability of the recruits to detect
disruptions in gradients of various porewater solutes
(e.g. oxygen, ammonium; Woodin 1998, Marinelli &
Woodin 2002). The relationship between benthic
organisms and sediments is complex, due in part to the
large number of variables which define the sediment
characteristics (e.g. grain size, organic content, pore-

water solutes etc.; see Gray 1974, Snelgrove & Butman
1994), and the continual modification of these charac-
teristics both by environmental variables (e.g. hydro-
dynamics) and biological processes. We have previ-
ously documented persistent differences in food (i.e.
chlorophyll a; carbohydrate), P and N content, and
grain size between terrestrial deposits and natural
sandflats (Cummings et al. 2003). These latter mea-
surements were made over a 4 mo period, in much
thicker deposits (i.e. 10 cm deep) than those used in
this experiment. While the cues discussed above are
likely to be detectable by recruits encountering the
sediment surface, the ability of individuals to detect
the presence, or absence, of gradients higher in the
water column is not yet well known (e.g. Finelli et al.
1999, Jumars et al. 2001).

Several field experiments were conducted to deter-
mine the effect on juvenile bivalve behaviour of ter-
restrial sediment that had been aged to varying
degrees on the sandflat. We had expected that in the
uncovered plots the Paphies australis and Macomona
liliana juveniles would drift off unsuitable sediments.
However, these experiments demonstrated that move-
ment and burrowing of M. liliana was strongly
affected by new terrestrial sediment: several individu-
als remained on the surface of the uncovered 0 d plots
and did not disperse away from it (Fig. 5A), indicating
that the ‘new’ terrestrial sediment had somehow
modified their behaviour. M. liliana in the field were
seemingly unable to leave the terrestrial sediment
deposits once they had encountered them. This
suggestion of behavioural modification influencing
dispersal ability is supported by field observations of
mass dispersal of M. liliana in response to pesticide
application (Pridmore et al. 1991), and by a previous
laboratory-based flume experiment that demonstrated
that M. liliana are able to choose between ‘favour-
able’ sediments and ‘unfavourable’ (ambient sandflat
and dense spionid polychaete tube mat: Cummings
et al. 1996). There is also a suggestion of similar
effects of new terrestrial sediment on Paphies aus-
tralis (Fig. 3A), although the stormy conditions and
consequent nil recovery of P. australis in the final field
experiment prevented confirmation of this (Fig. 4).
Nevertheless, P. australis will preferentially move
away from terrestrial sediments, even when the sedi-
ments have been on the sandflat for some time (e.g.
Fig. 3B,C). The behaviour of both species was signifi-
cantly affected by aged terrestrial sediment, although
not to the same extent as by the new terrestrial sedi-
ment (Figs. 4 & 5). It is important to note that any spe-
cies-specific differences in our results may have been
influenced by the different-sized individuals used in
the experiments, particularly because of the thinness
of the terrestrial sediment layers. However, our exper-
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iments have clearly illustrated that settlement in ter-
restrial sediment deposits at some sites may be lethal
or have significant detrimental effects on bivalve
health, implying that an ability to detect the (un)suit-
ability of these substrates prior to settlement would
be an advantage to the juveniles.

The negative response to ‘new‘ deposits observed in
these experiments may in part be due to pH, since
terrestrial sediments initially have a lower pH than
sandflat sediments (~4, measured using a combination
needle pH electrode [Diamond General Development]
linked to an Orion 290A multimeter). However, the
pH becomes neutralised relatively rapidly (after 1 to
2 tidal cycles; Lohrer et al. 2004, V. Cummings &
M. Ahrens unpubl. obs.). Another difference between
new and aged terrestrial sediment is the degree of
mixing the latter has undergone with the ambient
sandflat sediment. Thinner terrestrial sediment de-
posits may become gradually buried by sediments
transported from the surrounding sandflat with bed-
load (Hewitt et al. 2003, Thrush et al. 2003), or become
incorporated into the sandflat sediments by bioturba-
tors such as crabs and shrimps (e.g. Norkko et al. 2002,
Cummings et al. 2003). As the terrestrial sediment
‘ages’ on the sandflat, there is a gradual decline in the
proportion of silt and clay, and an increase in the
amount of sand. This sand has different physical and
chemical characteristics, and will modify any cues
diffusing out of the submerged terrestrial sediment.
Whatever the mechanism, it is clear that the longer the
deposits have been exposed to the natural estuarine
environment, the more likely they are to become
colonised.

Many studies have shown that post-settlement
macrofauna introduced to unfavourable sediments will
avoid burrowing, and will often disperse in flow. For
example, post-larvae of the bivalve Spisula solidissima
demonstrate active choice of sediments characteristic
of their natural habitat in flow conditions (Snelgrove
et al. 1999), as do Macoma balthica and Cerastoderma
edule (de Montaudoin 1997, Huxham & Richards
2003), the polychaetes Pectinaria koreni (Olivier et al.
1996b) and Capitella sp. (Hsieh & Hsu 1999) and the
oligochaetes Paranais litoralis (Nilsson et al. 2000) and
Doliodrilus tener (Hsieh & Hsu 1999). The consensus of
these studies was that these individuals could not
choose the sediment on which they alight, but that
they were able to leave less-preferred sediments in a
series of migrations until the preferred habitat was
found (Olivier et al. 1996b, Nilsson et al. 2000, Huxham
& Richards 2003). If, however, as in our experiments,
an individual’s settlement history limits potential for
re-dispersal, then settlement avoidance is an adapta-
tive advantage. While the ability of larvae to settle and
metamorphose in response to waterborne cues has

been demonstrated for a variety of benthic inverte-
brate species (e.g. Pawlik 1992, Lambert & Todd 1994,
Zimmer-Faust & Tamburri 1994, Tamburri et al. 1996,
Krug & Zimmer 2000, Zimmer & Butman 2000), this has
yet to be extensively proved for post larval stages.
More work is required to determine whether Paphies
australis or Macomona liliana need to settle to deter-
mine habitat suitability, and whether they have the
sensory capacity to detect waterborne cues. It is likely
that from an evolutionary perspective the ability of dis-
persing juveniles to detect suitable habitats prior to
‘landing’ would be even more important than for dis-
persing larvae, given the far fewer numbers of the
former and thus their greater need to maximise their
survival.

Most soft-sediment organisms in estuaries and
embayments are restricted in their dispersal abilities
and are subject to local dispersal processes; transport
between habitats (e.g. channels, sandflats) is limited
(Lundquist et al. 2004). Thus if a terrestrial deposit
covers a large portion of a sandflat, or even only half of
a sandflat, a juvenile bivalve may potentially en-
counter the unfavourable surface several times before
a suitable substrate is found, and this exposure will
have implications for its fitness and survival. Similarly,
deposition of thin layers of terrestrial sediment occurs
frequently in some intertidal areas around New Zea-
land (e.g. Lohrer et al. 2004). While deposition of
these thin layers may not be as visually obvious or as
devastating to the existing macrofaunal community as
deposition of thicker layers, these experiments have
shown that even after the terrestrial sediments are
subsequently buried by sandflat sediments they will
affect potential bivalve colonists. Depending on the
extent and frequency of disturbance, there are likely
to be important implications for the population and
community dynamics.

In conclusion, this study has demonstrated a nega-
tive effect of terrestrial sediment deposits on colonisa-
tion by juvenile bivalves. Our laboratory experiments
have shown that exposure to terrestrial sediments
affects the burrowing and reburrowing ability of
Paphies australis and Macomona liliana, that these
effects persist even with reasonably thin (0.5 cm) sur-
face layers of terrestrial sediment, and even after they
have been covered by sediment from the surrounding
sandflat (layered treatments). This effect on rebur-
rowing ability is important, as it suggests that settle-
ment on terrestrial sediment deposits can have a last-
ing effect even if an individual is able to find a more
suitable habitat at a later date. Our field experiments
have shown that M. liliana encountering 1 cm-thick
terrestrial sediment deposits in the natural environ-
ment are less able to leave these sediments, and that
this effect is evident even after the sediment has been
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on the sandflat for 1 mo. These individuals are there-
fore essentially lost from the pool of available
colonists. Finally, this study has provided further evi-
dence of the importance of good catchment-manage-
ment practices to avoid sedimentation events in the
first place.
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