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Abstract A field experiment was carried out to investigate
the patterns of macrobenthic recolonization and to deter-
mine the effects of biodeposition on benthic communities at
an intertidal oyster culture site in New Brunswick, Canada.
Total organic deposition in azoic organic-free sediment
trays was generally higher within the farm compared to
reference sites. Two weeks after deployment of trays, total
organic content had reached 1.1%. The abundance, species
number, and diversity of the macrobenthic community were
positively correlated with the total organic content in the
experimental trays, but the correlations between community
parameters and organic content were negative in the
ambient sediment. The results suggest that organic matter
in sediment may have positive effects on macrobenthic
infauna at low levels as an additional food source but may
be harmful to benthic animals at high levels. This study
also indicates that location in the intertidal zone is a major
parameter affecting the community structure of macro-
benthic colonization.
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Introduction

Aquaculture (finfish farming and shellfish culture) in

coastal waters of many countries has increased dramatically
in recent years, and concerns about impacts of culture on
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the seabed environment and benthic ecosystem have grown
worldwide (Gowen and Bradbury 1987; Folke and Kautsky
1989, 1992; Beveridge et al. 1994; Wu 1995; Kaiser et al.
1998). Marine fish farming deposits a high organic and
nutrient loading onto sediments, thereby changing benthic
composition (Findlay et al. 1995; Tsutsumi 1995) or
leading to anoxic conditions and depriving macrofauna in
the vicinity (Gowen and Bradbury 1987; Tsutsumi et al.
1991; Beveridge et al. 1994; Wu et al. 1994). The responses
of macrofaunal species to stress from organic loading have
been well discussed (Grassle and Grassle 1974; Pearson
and Rosenberg 1978; Ritz et al. 1989).

Shellfish culture is based on natural sources for food
with no additional organic matter to the ecosystem.
Suspension-feeding bivalves (e.g., oysters and mussels)
filter phytoplankton and other seston and pack them into
larger particles (feces and pseudofeces), which may cause
local increase of biodeposition to the seabed (Kautsky and
Evans 1987). This additional organic material may have an
impact similar to the waste accumulated under marine
finfish farms (Folke and Kautsky 1992). Some studies
indicated that shellfish farming had substantially negative
impacts on marine benthic environment and macrobenthic
communities (Kaspar et al. 1985; Stenton-Dozey et al.
1999; Stenton-Dozey et al. 2001; Chamberlain et al. 2001;
Christensen et al. 2003; Smith and Shackley 2004). Kaspar
et al. (1985) found in New Zealand that the benthic infauna
consisted of polychaetes, bivalves, crustaceans, and brittle
stars at the reference site but contained only polychaetes in
the mussel-farm sediment, in which the ammonium
concentration was about twice as high as in the reference
sediment. The study of Stenton-Dozey et al. (1999) in
South Africa indicated that raft-culture of mussels had an
impact on macrobenthic community structure. Smith and
Shackley (2004) showed a significant change in the species
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composition of the benthic community, with a decrease in
species number and total number of individuals within a
year of commencement of a commercial mussel lay in UK.
However, other studies, including three studies carried out
in Eastern Canada, showed little or no harmful effects of
shellfish culture on the benthic environment and macro-
benthos (Grant et al. 1995; Crawford et al. 2003; Miron
et al. 2005; Mallet et al. 2006; Da Costa and Nalesso 2006).

Benthic recolonization is an important aspect of commu-
nity structure in aquaculture-impacted habitats but has not
been emphasized in associated studies. Field experiments with
sediment trays have been conducted for measuring sediment
transport and deposition of organic matter (Grant 1985; Grant
et al. 1997) and for investigating the patterns of macro-
benthic recolonization (Turner et al. 1997; Lu and Wu 2000;
2007). Nevertheless, few studies have been conducted to link
organic deposition on sediment to the response of colonizing
macrobenthic community in tray experiments. The purposes
of the present study are to investigate the pattern of
macrobenthic recolonization at an intertidal oyster culture
site and to test the hypotheses that oyster culture increases
biodeposition on the bottom, and higher biodeposition from
oyster culture has an impact on recolonization of macro-
benthic infauna.

Materials and Methods
Study Site

A field experiment was carried out at an intertidal site with
oyster culture (Crassostrea virginica) in St. Simon Bay,
situated in the northern New Brunswick, Canada (47°43’ N,
64°47" W) (Fig. 1). Oysters were grown in floating bags
attached to long lines, which spread from the lower mid-
tidal zone to the upper subtidal zone. The sediment type
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Fig. 1 Map showing the experimental site
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Fig. 2 Schematic plan of the locations of experimental stations

was fine-medium sand (79.8%; sand, 97.5%), and the
seabed was covered densely by the sea grass Zostera
marina in the low-tidal and subtidal zones. Seven stations
were set up from the mid- to low-tidal zone (Fig. 2).
Stations Z2 and Z4 were located in the mid-tidal zone, 5
and 15m away from the edge of the floating bags,
respectively. Stations Z1, Z3, Z5, 76, and Z7 were at the
same tidal level in the low-tidal zone, of which Stations Z1
and Z3 were inside the oyster farm and Stations Z5, Z6, and
Z7 were 5, 10, and 30m away from the edge of the floating
bags, respectively.

Experimental Design

Sediment used for the experiments was taken from the
intertidal zone of the study site. The sediment was washed
with freshwater to remove detritus. The washed sediment
was dried at 70°C and then burned in a muffle furnace at
500°C for 6h to remove organic matter. The organic-free
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Fig. 3 Organic content (%) in the tray and ambient sediments at the
seven stations (mean+SE)



Estuaries and Coasts (2008) 31:767-775

769

(a) Abundance

200+
& 150 -|_
P
S 100-
K]
2 -
2 50-
- - -

o T T T T T T T

(b) Species number
15+ //_,_
> T / 7
2 17 % / T ]
"\
111111

Station

—_
(2)
—

Species diversity

2.5
2.0 ]
07009,
3
0%,
- 93028 ::.
1 RS I
© 1.5 KA ‘0%
s o200, KRS I
hay 03029 XX 020%
- SRKS £S %
T 1.0 RXX R R
(XD R (XX
5 00009,
0‘0‘0 y' O "“.'
0302 B3 RS
SRXS S RS
0.5 KX % S
. 0.0 O
SRS S RRKS
R % SRS
SRS R e%0%,
XX (R KR XD
0. 0 T 1 1 1

Station

Fig. 4 Mean values of abundance, species number and species
diversity (H') of macrobenthic community in the experimental trays
at the seven stations (mean+SE)

sediment was put in rectangular iron trays (L, 9.20cm; W,
6.03cm; D, 3.49cm; surface area, 55.480m2), which were
fixed in sediment each with a 15-cm bolt so that the surface
of tray was at the same level of the ambient sediment. Four
trays were deployed at each station in June 2006 and

retrieved after 14days (one tray was lost at Station Z2).
Three replicate samples from the ambient sediment were
also collected at each station at the same time, using a PVC
corer (diameter, 11.5cm; surface area, 103.87cm2). One
subsample of top l-cm sediment was collected with a
plastic syringe from each replicate sample for measurement
of organic matter.

Sample Treatment

Sediment samples were washed through a 0.5-mm sieve,
and the residues retained on the sieve were preserved in
a 10% formalin—seawater solution in the field. In the
laboratory, benthic animals were sorted out from the
residues under a binocular dissecting microscope, identi-
fied to the lowest possible taxonomic levels, and
counted.

Organic content in sediment was determined by inciner-
ating a dried sediment sample at 500°C for 6h (Buchanan,
1984).

Data Processing

Species diversity of each sample was calculated using the
Shannon—Wiener index (H') (Shannon and Weaver 1963):

H'=— Z% log2 (%)

Table 1 Top two or three dominant species in trays at each station

Station  Species Percent by Cumulative percent
number by number
Z1 Bittium alternatum 42.8 42.86
Ostracoda sp.1 7.14 50.00
Odostomia sp.2 7.14 57.14
Z2 Tubificidae sp. 43.29 43.29
Gemma gemma 25.76 69.05
Tharyx marioni 7.57 76.62
73 Heteromastus filiformis 41.23 41.23
Bittium alternatum 14.03 55.26
Tubificidae sp. 13.16 68.42
74 Gemma gemma 37.60 37.60
Lacuna sp. 32.00 69.60
Tubificidae sp. 9.60 79.20
z5 Bittium alternatum 50.94 50.94
Odostomia sp.2 13.21 64.15
76 Bittium alternatum 56.60 56.60
Odostomia sp.2 16.98 73.58
z7 Bittium alternatum 56.79 56.79
Odostomia sp.2 18.52 75.31
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where § = the number of species in the sample, N = the
total number of individuals and Ni = the number of
individuals in the ith species (i = 1 to S). For comparison
between benthic samples with different sizes (i.e., tray vs.
ambient), species richness was calculated using Margalef’s
index (d) (Margalef 1963):

Cs—1
~ log, N

where S = species number and N = total number of
individuals. Similarities between benthic samples were
calculated using the Bray—Curtis coefficient (Bray and
Curtis 1957), and data were fourth-root transformed before
computing the coefficient. Hierarchical agglomerative
clustering and non-metric multi-dimensional scaling
(MDS) were used to assess differences in community
structure between samples. Data were normalized to same
sampling area when MDS was used to compare differences
between the tray and ambient samples. A group-average
linked method was used in clustering. Analysis of similarities
(ANOSIM) was carried out to test differences in community
composition among samples groups (Clarke and Warwick
2001). A one-way analysis of variance (ANOVA) was
employed to test differences in organic content and commu-
nity parameters (abundance, species number, and species
diversity) among stations, and Tukey’s post-hoc test was
carried out to test differences between each pair of stations.
The D’Agostino and Pearson omnibus normality test was

used to test data normality for community parameters before
ANOVA. Logarithm transformation was employed when the
data were not conformable to normality. Organic content
data were arcsin square-root-transformed prior to ANOVA to
conform with data normality (Zar 1999). A two-tailed ¢ test
was used to test differences in the community parameters
between the tray and ambient sediments.

Results
Organic Content

No significant difference in organic content of ambient
sediment was found between the beginning and the end of
the experiment at all stations. Organic deposition onto the
tray sediment varied at different stations, with the highest
mean value of organic content (1.10%) recorded at Z3 and
the lowest mean value (0.34%) found at Z6. The mean
organic content at Z1 was only 0.63%, probably due to its
location close to the edge of farm. In the ambient sediment,
the mean organic content ranged between 4.55% at Z3 and
1.52% at Z4 (Fig. 3). The differences in organic content
among stations were highly significant (one-way ANOVA,
p < 0.0001) for both tray and ambient sediments. The
organic content was significantly higher at Z3 than at other
stations (p < 0.01, Tukey’s post-hoc test), and no significant
differences were found between the other six stations both
in tray and ambient sediments.
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Macrobenthic Community in the Trays

The mean values in abundance and species number of
macrobenthic community were both highest (154 animals
and 14.3 species/tray) at Z2 and lowest (13.3 animals and
six species/tray) at Z5, while the mean value of species
diversity (H') was highest (1.95) at Z1 and the lowest (1.30)
at Z6 (Fig. 4). The high abundance at Z2 was mainly
attributed to high numbers of the oligochaete Tubificidae
sp. and the bivalve Gemma gemma. The highest number of
species at Z2 may be due to the fact that the station was

Fig. 7 MDS ordination of mac-
robenthic samples, showing the
differences in community struc-
ture of macrobenthos of the tray
sediment at the seven stations
and sample groups identified by
clustering analysis

located at an ecotone region between the mid-tidal and low-
tidal zones. The differences in these parameters among
stations were significant (one-way ANOVA, p < 0.05)

A total of 35 species, including 13 species of poly-
chaetes, 11 species of crustaceans, ten species of molluscs,
and one species of oligochaete, were recorded in the tray
samples. The gastropod Bittium alternatum was the most
dominant species at the low-tidal stations, except at Z3
where it was replaced by the polychaete Heteromastus
filiformis, while the oligochaete Tubificidae sp. and the
bivalve G. gemma dominated at the mid-tidal stations
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Fig. 8 Comparisons of abundance, species richness (d) and species
diversity (H') between the tray and ambient communities at the seven
stations (mean+SE)

(Table 1). B. alternatum was mainly found at the low-tidal
stations, while Tubificidae sp. and G. gemma largely
colonized at the mid-tidal stations (Fig. 5).

Hierarchical clustering of benthic samples demonstrates
that four groups, A (Z4), B (Z22), C (Z3), and D (Z1, 5-7),
can be clearly divided, based on the Bray—Curtis similar-
ities (Fig. 6). The MDS plot also shows the differences
between the groups (Fig. 7). ANOSIM analyses for the four
groups show significant difference in community structure

@ Springer

among the groups (global R = 0.781, p = 0.001), and no
significant differences were found between Stations Z1, Z5,
76, and Z7 within group D. The mid-tidal communities
were significantly different from the low-tidal ones,
implying the tidal effects on recolonization of intertidal
infauna. It is worth noting that the benthic community at Z3
was separated from those at other low-tidal stations.

Comparisons Between the Tray and Ambient Communities

The number of species usually increases with sample size.
Due to different surface areas between the tray and ambient
samples, species richness (Margalef’s index d), rather than
species number, was used for comparison. Generally
speaking, the abundance, species richness, and diversity
were lower in the trays than in the ambient at all stations
except Z3, where the parameters were significantly higher
(» < 0.05, t test) in the trays (Fig. 8). The differences in
community structure between the tray and ambient sedi-
ments were also obvious at all stations (Fig. 9).

Relationship Between Benthic Community
and Organic Matter

As tidal levels have significant impacts on macrobenthic
infauna, only the data from the five low-tidal stations (Z1,
73, and Z5-Z7) were used for the analyses of relationship
between faunal parameters and organic matter.

The abundance, species number, and diversity increased
significantly with the increase of total organic content in the
tray sediment (Fig. 10), but the parameters were decreased
with organic content in the ambient sediment (Fig. 11).
These results suggest that organic matter in sediment may
have positive effects on macrobenthic infauna at low levels
(<1.5%), probably as an additional food source, but could
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Fig. 9 MDS ordination of all samples from the seven stations,
showing the difference in community structure of macrobenthos
between the tray and ambient sediments
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Fig. 10 Linear regression between benthic parameters (abundance,
species number, and diversity) and organic content in the tray
sediment

be harmful to benthic animals at higher levels due to
organic enrichment.

Figure 12 display the MDS plots of benthic samples at
the five low-tidal stations with superimposed bubbles of
different size, representing relative values of organic
content. Points with higher organic content group at the
lower right corner in the plots, suggesting that organic

matter in sediment also had important impacts on
community structure of macrobenthos both in the exper-
imental trays and in the ambient sediment. Higher stress
level (>0.2) for the MDS plot (Fig. 12a) suggests that the
points may not be well placed in this two-dimensional
ordination.

Abundance

350 -
00- ’ b= 0 0608
250 - °o ="

o

200 4 °
150 4
100 -
50

0 v L LJ
1 2 3 4 5 6

Organic content (%)

OCPOO

Individuals / core

o
o

b Species number

35 -

30 4 r = 0.9005
A p < 0.0001

25 - A
20 -
15 1
10 +
5

Species / core

A

0 L L LJ L L}

1 2 3 4 5 6
Organic content (%)

c Species diversity

r = 0.5309
p = 0.0417

-
a

Organic content (%)
Fig. 11 Linear regression between benthic parameters (abundance,

species number, and diversity) and organic content in the ambient
sediment

@ Springer



774

Estuaries and Coasts (2008) 31:767-775

a
Stress: 0.23
® ®
@
o @ © ®
®
° ©
® ®
N O o
o ®
©)
b
Stress: 0.09
®e
@@ ®
) ®
®

Fig. 12 MDS ordination of benthic samples in the tray sediment (a)
and the ambient sediment (b) at the five low-tidal stations (Z1, Z3, and
725-77) with superimposed bubbles of organic content in relative scale

Discussion

The highest values in species number and abundance of the
tray community were found at Station Z2, which is located
at an ecotone region between the mid- and low-tidal zones.
An ecotone is generally considered as a transition region
where two diverse communities meet. It normally contains
members of both communities, and both the species
number and the abundances of some species are higher in
the ecotone than on either side (Pearson and Rosenberg
1978). In this case, the mid-tidal zone is different from the
low-tidal zone in the environmental factors such as
submerging time, temperature and salinity during low tide,
and wave and current conditions. As a result, the
community composition was significantly different between
the two zones, as shown by multivariate analyses. The

@ Springer

colonizing community at Z2 contained species from both
tidal zones with higher abundances of some species (e.g.,
the oligochaete Tubificidae sp. and the bivalve G. gemma)
than either zone.

Kautsky and Evans (1987) indicated that suspension-
feeding bivalves (e.g., oysters and mussels) remove large
amounts of small suspended particles that would other-
wise stay in suspension and increase local deposition of
organic matter as settling feces near the suspension
cultures. Deposition of organic matter onto the seabed
was different at different locations, and the highest
organic content was found inside the oyster farm in the
present study, suggesting the contribution of biodeposi-
tion from the oyster culture. In addition to wvertical
deposition, the organic matter in tray sediment may also
partially come from horizontal transport of ambient
sediment (Grant 1985; Grant et al. 1997).

Organic matter deposited as feces may represent a
significant proportion of the energy potentially available
to benthic invertebrates as a food resource (Stuart et al.
1982). In this study, the abundance, species number, and
diversity of macrobenthos were positively correlated with
organic content in the tray sediment, suggesting the
important role of biodeposition at low levels as a food
source during the colonization of benthic infauna. Indeed,
the deposit feeder H. filiformis dominated the tray sediment
with the highest biodeposition. The organic content in
sediment favored the recruits of some species, thus changed
the community structure of macrofauna.

Nevertheless, high biodeposition from shellfish farming
may result in accumulation of organic matter in sediment,
which may cause oxygen depletion, increased sulfate
reduction, and low macrofauna diversity (Dahlback and
Gunnarsson 1981; Kaspar et al. 1985; Christensen et al.
2003; Stenton-Dozey et al. 1999; Stenton-Dozey et al.
2001). Smith and Shackley (2004) found a significant
change in the species composition of macrobenthic
community with a decrease in abundance and species
number 1 year after the mussel culture at a commercial
mussel lay. In our study, the abundance, species number,
and diversity of macrobenthic community showed nega-
tive correlations with organic content in the ambient
sediment, implying the adverse impacts of organic
enrichment.

Mallet et al. (2006) found no indication of organic
enrichment in sediment and no negative effects of oyster
culture on macrofauna in the same bay where our study was
carried out. This is probably due to the little differences in
sedimentary organic content between the reference and the
culture sites in their study.
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