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ABSTRACT: The recovery of a soft sediment benthic invertebrate community from high levels of
organic enrichment was evaluated after removal of farmed fish at an Atlantic salmon Salmo salar culture site in southeast Tasmania. Although the pattern of recovery followed established successional
principles, after 36 mo neither communities under or at the edge of cages, nor communities 10 m from
the edge of the cage, had attained a structure equivalent to that of the reference communities. In the
first few months there was little evidence of recovery and the community was dominated by species
characteristic of impacted conditions. After 12 mo the system had markedly improved, containing a
diverse range of species with functional roles similar to those of the reference sites. Once the ecological function of the sediment was restored, subsequent changes in the community structure were relatively minor, simply reflecting the addition of rarer species with longer reproductive cycles and/or
larval stages with a greater sensitivity to the negative effects of organic enrichment. These species
may be significant where specific community changes, loss of diversity or the possibility of species
extinction are the critical issues. However, restoration of system function may be a more useful
indicator of generalized recovery from organic enrichment than of community equivalence.
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Recovery of species diversity or faunal abundance,
restoration of particular species or community types or
full community equivalence with unaffected conditions
are all valid criteria for the determination of recovery,
but have very different recovery time frames, with full
community recovery likely to provide the most conservative estimates. Knowing when particular components of the community become re-established may be
an important measure of recovery where biodiversity
is the main issue, or where rare or endangered species
are a particular concern. Consequently, when comparing recovery rates it is important to ensure that the
underlying measure is equivalent. When making management decisions regarding recovery it is important
to be clear on the level of recovery upon which those

decisions are being made and to establish a priori what
is meant by recovery.
The classic studies by Pearson & Rosenberg (1978)
and Rhoads et al. (1978) define temporal and spatial
successional patterns associated with organic enrichment, identifying ‘indicator’ species or community
types that reflect particular successional stages of disturbance and recovery. The identification of these indicator species and their role in the recovery process remains a cornerstone of both basic and applied studies of
benthic recolonisation (Whitlach et al. 2001). However,
with the exception of the opportunistic polychaete species, Capitella capitata, these indicator species are not
well known in southern temperate regions.
In Tasmania the overall trends in response to organic
enrichment are similar to those observed in northern
hemisphere, but Macleod et al. (2004) suggested that
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there is a marked difference between the absolute levels of the geochemical indicators and the extent of
effects inferred by the changes in the community
structure. As a result the biological response of the
Tasmanian fauna appears to be much greater for a
lesser chemical impact than observed in the northern
hemisphere, suggesting that geographic location can
have a significant influence on recovery response.
However, the study by Macleod et al. (2004) did not
specifically examine the faunal relationships and so
did not distinguish specific ecological changes associated with the key stages in recovery.
Many other factors can also influence the recovery response. Clearly the nature, frequency and size of the effect will all have important consequences for subsequent
recovery (Zajac et al. 1998). Hydrodynamic condition is
also a critical factor and will have a major influence on
recovery rate (Black 2001). Local sediment conditions
will significantly affect the benthic ecology, determining
the community composition and the system’s capacity to
respond to environmental stressors (Snelgrove & Butman
1994), which will in turn determine the functional attributes of the communities such as the mechanisms for resource partitioning and utilisation, predator avoidance
and defence, and reproduction (Pearson 2001). The resilience of the background community is of particular importance in determining recovery response (Bonsdorff
1989). Some early colonizing ‘pioneering’ species have
life history characteristics that facilitate rapid responses
in recently perturbed areas, while late successional
‘equilibrium’ species are more constrained in their population responses and have slower recolonisation rates
(Whitlach et al. 2001). Species interactions may facilitate
or inhibit successional changes (Connell & Slatyer 1977).
All of these interactions can be affected by the timing of
the disturbance event.
The amount of time actually required for sustainable
sediment remediation is poorly understood at present.
However, if we accept the assertion that once a system
is functionally recovered it will progress to an ‘equilibrium’ community providing no further perturbation is
encountered (Young et al. 2001), then remediation
should be sustainable once sediment function is
restored. Consequently, individual species identities
become less important and the ecological function of
the species in relation to the particular successional
stage with which it is associated becomes the issue of
interest (Rhoads & Germano 1986). This, in turn, suggests that the sustainability of ongoing and repetitive
impacts, such as those generated by fish farming may
be better assessed by establishing whether the ecological function of the system has been restored.
This study is a continuation of previous work
(Macleod et al. 2004), which examined the rate at
which sediments recovered after the cessation of

organic enrichment, and focuses on the significance of
the biological changes occurring through the recovery
process. The main aims of this study were to improve
our understanding of local ecological changes by identifying the resident taxa associated with the critical
successional stages and to define the functional significance of those species in the recolonisation and
successional processes.

MATERIALS AND METHODS
The location and farming history of the study area
and sampling locations are described in Macleod et al.
(2004). Two cage locations with comparable farming
histories, i.e. equivalent Atlantic salmon Salmo salar
biomass and feeding levels, were selected at random
for this study. At each cage samples were collected
from within the cage area and at 10 m beyond the
cage, and the positions of the sampling stations were
fixed with a transect line and markers. Studies of the
effect of fish farming in Tasmania showed no detectable ecological effects on the benthos 35 m beyond
the cage boundary (Edgar et al. 2005); therefore, replicate samples were collected from reference stations
located 150 m from the cages, directly in line with the
fixed transects and at similar depths.
Benthic samples were collected by a diver at each
station 2 wk after removal of the fish and then 1, 2, 6,
12, 24 and 36 mo after removal. Five replicates were
collected haphazardly from within 1 m of each station
using a 150 mm diameter PVC pipe corer to a depth of
100 mm (area of 0.018 m2). Samples were transferred
immediately to mesh bags (0.875 mm2 mesh). The bags
were rinsed on the boat and transferred to containers
with 40% formalin in seawater. In the laboratory each
sample was sieved to 1 mm, sorted and the animals
retained were identified to the lowest possible taxonomic level and enumerated. Samples were grouped
as representative of direct cage effects (0 m), indirect
farm effects (10 m) and unaffected reference conditions (150 m).
Multivariate analyses of community data was undertaken using PRIMER© (2006). The data used were the
mean values of the replicates for each site. Means were
square root transformed to adjust the importance of
species dominance and a Bray–Curtis similarity matrix
was used to determine the relationships among the
community structures of unaffected (reference) stations, with stations subject to direct and indirect effects
using non-metric multidimensional scaling (NMDS).
The significance of differences in the macrofaunal data
between the stations over time was evaluated using
planned comparisons in the analysis of similarities
(ANOSIM) randomization test. SIMPER analysis was
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used to determine whether any particular species or
factors were indicative of these patterns.
Basic life history characteristics (feeding strategy,
function in sediment and reproductive strategy) were
assigned to the main species determined by SIMPER
analysis to define the community groups. Feeding
strategies were predatory carnivores/omnivores (PO),
suspension feeders (SF), deposit feeders (DF) or epibenthic feeders (EP). However, it is recognized that
many species change their feeding strategies in response to environmental conditions and where this was
deemed to be the case, a range of strategies have been
indicated or they are classed as having a variable feeding strategy (VF). Bioturbation capacity was defined in
relatively simple terms as whether the animals were
sediment destabilisers (DS) or stabilisers (ST) and was
determined by reference to the known ecology of the
species or of that of the nearest relative. Where possible
the main reproductive strategy of each species was
characterised by whether adults had staged/periodic
(SR) or pioneering/opportunistic (OR) reproductive cycles and whether larvae were benthic (B) or pelagic (P).
Australian marine and estuarine infauna is relatively
poorly described, with very little species-specific biological and ecological information. Where the ecology
or biology of a species or taxon was not specifically
known it was inferred using information from the next
closest species or taxonomic group. Principal components analysis (PCA) of the life history data was used to
compare cage, farm and reference positions.

Table 1. Planned 1-way ANOSIM comparisons between cage
(C), farm (F) and reference (R) communities at each sample
time. In all cases 999 permutations were undertaken. Bold:
significant (p < 0.05). Codes under planned contrast represent
time post-farming (from 0.5 to 36 mo) and location (C, F or R)
Planned contrast

R statistic

p

–0.076
–0.001
0.206
0.084
0.348

0.875
0.473
0.053
0.195
0.006

0.5-C, 0.5-R
1-C, 1-R
2-C, 2-R
12-C, 12-R
24-C, 24-R
36-C, 36-R

0.878
0.539
0.583
0.782
0.539
0.730

0.001
0.001
0.001
0.001
0.002
0.002

0.5-F, 0.5-R
1-F, 1-R
2-F, 2-R
12-F, 12-R
24-F, 24-R
36-F, 36-R

0.502
0.397
0.605
0.529
0.217
0.503

0.001
0.001
0.001
0.002
0.045
0.002

0.5-R, 1-R
1-R, 2-R
2-R, 12-R
12-R, 24-R
24-R, 36-R

36
0.5

2
0.5

2
1

0.5

1

2

12

1

24

RESULTS
12

The infaunal communities within cages were significantly different from the reference communities (25 m
sites) at both farms throughout the 36 mo, whilst there
was a broad similarity in the communities among the
reference sites (Table 1). The cluster analysis generated 3 groups (A, B and C) at an overall similarity level
of 36% (Fig. 1). Station–time combinations in Group A
were strongly dominated by Capitella capitata complex and Malacoceros tripartitus (Table 2) — polychaete species most commonly associated with anaerobic conditions (Macleod et al. 2004, 2007) — and it was
deemed that Group A was markedly impacted. This
group included the initial cage position (0.5 to 2 mo)
and the farm position at 24 mo. Group B sites/times
were characterised by the bivalve, Theora fragilis, and
the ostracod, Euphilomedes sp.1 (Table 2). Theora
fragilis is typical of intermediately affected communities (Macleod et al. 2007). C. capitata was still present
in these samples, albeit in considerably reduced abundance, and the introduced bivalve, Corbula gibba, and
the opportunistic whelk, Nassarius nigellus, commonly

12

36
36
Group C

24
Group A

24
Group B

Fig. 1. NMDS ordination of relationships between benthic
faunas sampled at cage (m), farm (z
y) and reference (h) locations over 36 mo (stress = 0.11), with cluster groups identified
at 36% overall similarity indicated. Numbers: time (mo) after
removal of cages

associated with areas of moderate impact (Macleod et
al. 2004), were also prominent components of these
communities. Therefore, it was determined that this
group was moderately impacted. Group B contained
most of the farm positions and the cage positions at 12
and 24 mo. Position/times in Group C were characterised by a broader group of species including the
terrebellid polychaete, Lysilla jennacubinae, and the
brittlestar, Amphiura elandiformis, both of which are
indicative of unimpacted conditions (Edgar et al. 2005,
Macleod et al. 2007).
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Table 2. Average abundance (ind. m–2) and contribution to group similarity of
the characterising species (i.e. species comprising 90% of the within-group similarity for each of the cluster groups distinguishable at > 40% overall similarity)
for each community group. Codes under group name represent time postfarming (from 0.5 to 36 mo) and location (C, F or R)
Species

Group A
Capitella capitata
(0.5-C, 1-C, 2-C, 24-F)
Malacoceros tripartitus
Average similarity: 60.52 Theora fragilis
Prionospio kulin
Euphilomedes sp. 1
Corbula gibba
Nassarius nigellus
Simplisetia amphidonta
Group B
Theora fragilis
(0.5-F, 1-F, 2-F, 12-C,
Euphilomedes sp. 1
4-C, 12-F)
Corbula gibba
Average similarity: 47.29 Nassarius nigellus
Nemertea sp. 1
Prionospio kulin
Simplisetia amphidonta
Capitella capitata
Amphiura elandiformis
Phoronida sp. 1
Mysella donaciformis
Group C
Lysilla jennacubinae
(0.5-R, 1-R, 2-R, 12-R,
Euphilomedes sp. 1
24-R, 6-R, 6-F, 36-C)
Nassarius nigellus
Average similarity: 50.80 Theora fragilis
Nucula pusilla
Amphiura elandiformis
Corbula gibba
Lumbrinereis sp. 1
Euphilomedes sp. 2
Euchone limnicola
Chaetozone setosa

Average
abundance
1701
140
29
25
31
18
18
11
121
96
19
21
9
15
10
9
4
2
2
34
24
20
25
34
30
9
11
7
4
4

The life histories of the dominant species (i.e. those
comprising > 90% of the overall similarity) within the
impacted (cages 0.5 to 2 mo) and reference communities provide important information on the ecological
significance of the community changes (Table 3). The
reference communities contained species with a diverse range of life histories. In contrast there was
markedly less functional variability in the impacted
communities. There were fewer STs or SFs, both in
terms of abundance and number of species, in the impacted communities, but the proportion of taxa (species
and abundance) with OR strategies was much greater.
Nemerteans and echinoderms were important taxa in
the reference communities, but played little part in the
communities at the impacted sites where the species
mix and abundance was dominated by annelids.
The greatest change in ecological function was associated with the cage communities in the initial recovery phase (i.e. cluster group A) (Fig. 2a,c). More than
95% of the total variability in the full data set was associated with changes between these initial communities

and the remaining sites and times (first
principal component, PC1). These initial communities were functionally very
different to both the references and to
most of the cage and farm positions
sampled later in the study (Figs. 2a,c).
Contribution
Deposition of fouling material (i.e.
to similarity
(%)
algae and mussels) from lines close to
one of the farm cages resulted in a
53.17
greater than expected effect in the farm
10.17
communities at 24 mo. The affected
5.96
5.56
communities were dominated (both
5.40
numerically and in number of taxa) by
4.36
small to medium sized DFs, which
4.02
4.02
would destabilize the upper sediments
27.39
(Table 3). On the whole these species
23.18
were opportunistic with the ability to
7.51
rapidly reproduce and colonise, pro7.25
5.86
ducing both B and P larvae (Fig. 2c).
5.27
After 12 mo the function of the cage
4.36
communities appeared to have largely
4.32
returned to that of the reference com2.32
1.56
munities (Figs. 2a,c).
1.43
Exclusion of the data for the most
13.43
affected
positions (Group A) from the
11.31
analysis
allows
both the functional dif10.28
9.51
ferences between the remaining com9.16
munities and the subsequent recovery
7.82
response to be examined more closely
7.61
7.17
(Figs. 2b,d). PC1 accounts for almost
6.74
50% of the overall variability and asso4.05
ciated with it, a strong gradient in func3.07
tional response remains. The reference
communities are positioned on the
right of the plots whilst the earlier farm positions
appear on the left. The sediment function of these positions separated along this impact gradient in much the
same way as in the complete dataset. The farm positions (i.e. the more impacted end of the gradient) continued to contain a greater proportion of small to
medium sized deposit feeding sediment destabilisers
than did the reference communities, which had comparatively more suspension feeding and epibenthic
sediment stabilizers (Fig. 2d). However, the gradient in
reproductive function was slightly different. In numerical terms, the farm positions were most strongly associated with taxa where SR reproduction and production of P larvae are the reproductive strategies (Fig.
2d). The communities at the cage position at 12 mo
were more strongly associated with OR strategies. An
increased prevalence and abundance of taxa with SR
reproductive strategies resulted in the somewhat
anomalous association of the reference position at
36 mo with the early farm positions rather than with
the other reference samples.
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Table 3. Abundance, ecological function and reproductive strategies of the species that contributed most to the overall group similarity of the reference and impacted (cages 0.5–2 mo post-farming) communities. Ecological function has been derived from literature sources. Italics: nearest taxonomically similar species/group (no species-specific information available). Key to ecological
function: LG = large bodied animal (likely to be retained on a 10 mm sieve), MD = medium sized animal (retained on a 4 mm
sieve), SM = small animal (retained on a 1 mm sieve), SF = suspension feeder, DF = deposit feeder, C = carnivorous, ST = sediment
stabiliser, DS = sediment destabiliser, E = epibenthic. Key to reproductive strategy: SG = single staged generation, MG = multiple
generations, P = planktonic juveniles, B = benthic larvae, SR = staged reproductive cycle, OR = opportunistic re-productive cycle,
ID = indeterminate reproductive strategy
Species

Phylum

Percentage
similarity
contribution

No. of
ind. m–2

Reference (average group similarity = 31.63)
Nucula pusilla
Mollusca
Lysilla jennacubinae
Annelida
Amphiura elandiformis
Echinodermata
Euphilomedes sp. 1
Crustacea
Lumbrinereis sp. 1
Annelida
Nemertea sp
Nemertea
Corbula gibba
Mollusca
Chaetozone setosa
Annelida
Nassarius nigellus
Mollusca

24.71
21.19
17.55
6.47
4.89
4.49
4.49
3.76
3.65

73
57
46
24
15
14
14
8
9

Impacted (average group similarity = 27.93)
Capitella capitata (complex)
Annelida
Malacoceros tripartitus
Annelida
Prionospio kulin
Annelida
Euphilomedes sp. 1
Crustacea
Theora fragilis
Mollusca
Nassarius nigellus
Mollusca

61.64
12.02
7.63
5.09
3.56
2.08

1766
226
45
15
18
7

DISCUSSION
This study identified marked differences in sediment
recovery response after organic enrichment. The findings suggest that ecosystem rehabilitation may be
more effectively defined by restoration of ecological
function than by recovery of species composition. In
the first few months post-farming the cage conditions
were affected and the community was dominated by
2 polychaete species, Capitella capitata and Malacoceros tripartitus; both are opportunists able to tolerate
extremely high levels of organic carbon and increased
sedimentation rates (e.g. Johannessen et al. 1994; Levin 2000). Although C. capitata and M. tripartitus initially defined the cage communities, after 12 mo both
species were almost absent from the cage communities, indicating improved environmental conditions.
Recovery in the benthic infaunal community structure
over the fallow period followed a gradient consistent
with established models (Pearson & Rosenberg 1978,
Rhoads et al. 1978).
As the sediment conditions improved the abundance
of the impact indicators declined and overall diversity
increased. The transitional communities represented a
broad continuum of change; therefore, it was difficult
to identify species representative of the whole community. However, the abundance of some species increased during the initial recovery period relative to

Ecological function

Reproductive
strategy

LG, DF, DS
LG, DF, ST
LG, DF/SF, DS
SM, DF, DS
LG, DF, DS
MD, C/DF, DS
MD, DF, DS
SM, SF, ST/DS
MD, DF, E

MG, P, SR
ID
MG, P, SR
ID
SG, B, SR
MG, B, SR
MG, P, SR
ID
MG, B, SR

SM, DF, DS
MD, DF, DS
MD, DF, DS
SM, DF, DS
MD, DF, DS
MD, DF, E

MG, B/P, OR
MG, OR
SG, P
ID
MG, P, SR
MG, B, SR

the impacted community. The native dog whelk Nassarius nigellus, a common epibenthic scavenger, was
amongst the first species to return to the cage sediments, taking advantage of the increased food supply.
However, abundances declined towards the end of the
study, presumably as resources became depleted. The
introduced bivalve, Theora lubrica, is a selective
deposit-feeder, which is also relatively tolerant of
organic pollution, hypoxic conditions and high levels
of sedimentation (Tamai 1996, Saito et al. 1998, Talman 1998). This species colonized the affected sites
quickly after farming stopped, and was more common
in recovering sediments than in either impacted or reference communities, but also declined as sediment
conditions returned to normal. Consequently, the presence of these species in increasing abundance after
cessation of impact may be indicative of the transitional community and the onset of recovery.
The reference communities contained several species from taxa known to be relatively long lived,
which can take several years to mature. Brittlestars of
the genus Amphiura can have life spans in excess of
10 yr (O’Connor et al. 1983, Munday & Keegan 1992,
Sköld et al. 2001) and may not become reproductively
mature until they are 3 to 4 yr old (Fish & Fish 1996,
Sköld et al. 2001). Species of Nucula may also live for
more than 10 yr (Wilson 1992) and may not mature
until their 2nd year (Davis & Wilson 1983). Studies of
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Fig. 2. Principle coordinates analysis with biplot showing (a,b) sediment functions and (c,d) reproductive strategies most strongly
associated with site separations of reference (h), farm (z
y) and cage (m) locations for the dominant taxa over time using (a,c) all
sample locations and (b,d) excluding the most affected locations. The proportion of the overall variability explained by each principal component is indicated on the relevant axis. Key sediment functions — S, M, L: small, medium or large bodied animals, respectively; DS: sediment destabilisers, ST: sediment stabilisers, C: predatory carnivores, SF: suspension feeders, DF: deposit
feeders, EP: epibenthic feeders, VF: taxa with a variable feeding strategy. Reproductive strategies — SR, OR, ID: staged, opportunistic, or indeterminate reproductive cycles, respectively; B, P: benthic or pelagic larvae, respectively. Numbers indicate the
month that samples were taken

recovery after fish farming indicate that affected sites
may not be fully recovered (i.e. returned to reference
community structure) after 36 mo (Macleod et al.
2004), and complete recovery can take many months
(e.g. Johannessen et al. 1994, Pereira et al. 2004) or
even years (Karakassis et al. 1999, Brooks et al. 2003,
2004). Given that complete recovery requires the full
re-establishment of the community that existed before
the disturbance, how quickly this occurs will be determined by the nature and resilience of the natural
background community (Bonsdorff 1989) and will

take as long as the life cycle of the longest-lived taxa
in that community.
Reference communities had a diverse fauna containing many species sensitive to the adverse effects of organic enrichment. Four of the dominant species in this
community: the brittle star, Amphiura elandiformis,
2 polychaetes, Lysilla jennacubinae and Lumbrineris
sp. 1, and a bivalve, Nucula pusilla, would be highly
susceptible to the direct effects of organic enrichment,
as they are intolerant of low oxygen levels and high
sedimentation (Hutchings 2000, Paxton 2000). The re-
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of the ecological processes within the system has
productive ecology of these species would then affect
returned. At 12 mo the cage locations were functiontheir ability to re-establish after impact. Amphiura genally similar to reference sites, in terms of the bioturbaerally have P larvae and a periodic reproductive cycle
tion, feeding and reproductive strategies. However, at
(Bowner 1982, Pedrotti 1993). Similarly, terrebelids
this point only 53% of the species had become retend to have a relatively restricted spawning season of
established, suggesting that there was a large amount
a few days or weeks (Hutchings 2000), whilst lumof redundancy in the functional roles of many species.
brinerids tend to be fairly long lived with poor fecundity
Although the taxa associated with each stage in the
(Fauchald 1983). As a consequence all of these species
enrichment models will vary with geographic location,
would be slow to recolonise.
the organism–sediment relationships and changes in
Many reference species returned soon after active
trophic structure appear to be similar (Pearson &
enrichment ceased at the cage and farm locations. This
Rosenberg 1978, Rhoads & Germano 1982, Pearson
may be due to migration of juveniles and adults, which
2001). The primary difficulty with assessing communiis the most common process of early recolonisation and
ties based on the functional characteristics of the speis important for species with late successional stage life
cies is obtaining sufficient biological and ecological
history traits (Whitlach et al. 2001). However, the enviinformation about the fauna to correctly assign life hisronmental sensitivities of adult and larval stages can
tory traits. In this study the fauna was dominated by
be very different, with larval stages often less tolerant
10 species where the ecology and biology, or at least
(Snelgrove & Butman 1994, Pearson 2001). Larval
that of taxonomically similar species, was quite well
recolonisation often includes a broader range of speknown.
cies than is available from direct immigration and
The findings of this study identify some important
some of these species may be better adapted to the
points for environmental managers to consider. The
prevailing environmental conditions than the existing
criteria used to define recovery must be clear and relefauna (Thrush & Whitlach 2001). This might explain
vant to the environmental management goals. Furtherthe decline in the number of reference species and
more, differences in the successional end points of natincrease in other taxa at the cage and farm locations in
ural communities will markedly affect the time frame
2nd and 3rd years. Where recovery is particularly
over which recovery should be assessed; consequently
rapid, occurring within only a few weeks or months
the ecology of the reference environment needs to be
(e.g. Ritz et al. 1989, Lu & Wu 1998), it may be that only
properly understood. Ultimately, when assessing remigration of fauna occurred in this instance. This raises
covery, it is the functional recovery that may represent
some interesting issues about how recovery is evaluthe critical reference point. Where no further impacts
ated and at what point recovery is determined to have
on the environment are expected, functional recovery
occurred. Where there is a possibility of regression or a
may be considered to represent the point at which a
divergence in the recovery trajectory, studies of recovsystem has demonstrated its capacity to recover based
ery need to be undertaken over a sufficient temporal
on the biological characteristics of the community.
scale to determine whether community changes are
sustained. Under these circumstances ecological funcAcknowledgements. This work was undertaken with the
tion may be a more robust measure of recovery.
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