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This paper describes a two-year study of spatial and temporal patterns and processes in the benthos in response
to the removal of salmon cages from a sheltered coastal embayment, coupled with the simultaneous reintroduc-
tion of cages at an adjacent location. Significant recovery was evident at the fallowed site in the first six months;
however, the macrofaunal assemblage remained impacted at the conclusion of the study. By comparison, the re-
introduction of a fully operational farm overwhelmed the macrobenthic community within three months, with
anoxic and near-azoic conditions developing. Both removal and reintroduction of the farms triggered alternating
oscillations of geochemical and biological variables, whichwere attributed to effects on sediment chemistry from
organic loading, ‘boom and bust’ cycles of opportunistic taxa in response to food supply, and the associated var-
iations inmetabolic potential. The study also revealed interesting spatial dynamics in the benthos and some use-
ful indicators of different stages of recovery and re-impact. It is concluded that farm reintroductions should aim to
gradually increase production; allowing time for the benthos to adapt to the additional organic flux, and bemain-
tained at a level that avoids macrofaunal collapse. The sediment's ability to cope with organic inputs from fish
farming, and hence the duration of the recovery period, is contingent on the organic load in each farming cycle
and the extent to which the sediment community is allowed to recover. Understanding the influence of each
of these on sediment processes is important for sustainable long-term management of farming operations.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Sea-cage aquaculture can result in high levels of localised benthic
enrichment due to fluxes of organically rich biodeposits in the form of
fish feed and faeces. As a result, mandatory seabed monitoring is com-
mon (Wilson et al., 2009) and the effects of operational farms are well
described (e.g., Buschmann et al., 2006; Carter, 2001; Gowen and
Bradbury, 1987). Inmost instances, these effects consist of extreme sea-
bed enrichment characterised by sediment anoxia and a severely
impoverished macrofauna community. Understanding the ability of
the benthos to recover from effects of this magnitude is critical to deter-
mining the wider sustainability of marine farming activities. Estimates
of recovery rates vary considerably, from 6 months (Brooks et al.,
2003; Ritz et al., 1989) to five years or more (Brooks et al., 2004;
Keeley et al., 2014), and are highly environment and situation specific
(Borja et al., 2010). Although complete recovery may take many years,
a significant degree of biological and chemical remediation can occur
in thefirst 6 to 24 months. A better understanding of recovery processes
in these early stages is therefore valuable from a farm management
7010, New Zealand. Tel.: +64 3

eley).
perspective. In particular, a clear understanding of the recovery process
is essential for evaluating the effectiveness of fallowing (periodic
destocking) strategies that are often implemented to manage effects
(Brooks et al., 2003; Lin and Bailey-Brock, 2008; Macleod et al., 2006).

Fallowing (i.e. the temporary retirement of farmed areas) has two
main purposes: i) to avoid significant environmental deterioration for
the purposes of environmental compliance and to prevent conditions
thatmay adversely affectfish health, and ii) to break the life cycle of par-
asites and diseases (e.g. sealice, Bron et al., 1993; Morton et al., 2005),
especially in northern hemisphere countries.When implemented effec-
tively, a fallowing strategy has the potential to increase long-term farm
productivity and sustainability. However, the practice of fallowing re-
quires that there be sufficient area for stock to be rotated, which in
turn implies that a larger area of seabed may be impacted. This can be
an important constraint, for example in areas where farms are situated
close to habitats containing long-lived organisms that are more sensi-
tive to enrichment (Hall-Spencer and Bamber, 2007). Understanding
the effectiveness and sustainability of fallowing is of course particularly
pertinent wheremultiple cycles are employed and there may be poten-
tial for cumulative impact (Macleod et al., 2007), or where the system
resiliencemay be compromised (Borja et al., 2010). One of the few stud-
ies to consider this issue suggested that cumulative impacts may not be
a problem (Brooks et al., 2003). However, this finding needs to be
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considered in the context of site-specific factors; for example: farming
intensity, the level of impacts at the point of fallowing, the duration of
the farming versus fallowed cycles, hydrodynamics and the endemic
macrofauna composition can all influence recovery (Lin and
Bailey-Brock, 2008; Macleod et al., 2006; Macleod et al., 2007).

Closer examination of the associated sediment remediation process-
eswill also lead to a better understanding of the benthic ecosystem's re-
silience to anthropogenic disturbance. Resilience can be defined as the
properties that mediate the transition between different states
(Gunderson, 2000), and hence the changes that take place in the early
stages of impact or recovery are particularly relevant. Although the fun-
damentals of successional response to disturbance, and in particular or-
ganic enrichment, have been well described (Pearson and Rosenberg,
1978), there are a number of recognised exceptions to the Pearson
and Rosenberg model (Brooks et al., 2004; Keeley et al., 2013b;
Maurer et al., 1993). Of particular relevance is the fact that temporal
succession during recovery does not necessarily mimic traditional pat-
terns of spatial succession (Karakassis et al., 1999). Additionally, succes-
sion during recovery is seldom amirror image of the temporal response
to impact (Macleod et al., 2004), and there is often a lag between the im-
pact and recovery trajectories, termed ‘hysteresis’ (Borja et al., 2010;
Verdonschot et al., 2013). The degree of hysteresis is therefore inversely
related to level of resilience in the recovering system, which can be
viewed as a type of ‘memory’ (Elliott et al., 2007; Verdonschot et al.,
2013). It is therefore important to identify the general features and indi-
cators for impact, recovery, and re-impact pathways independently.

In this study we compare two concurrent, relatively high frequency,
medium-term (i.e. 2 year) studies at comparable sites to specifically
identify key spatial and temporal patterns in the benthos in response
to recovery and re-impact, and the rates atwhich they occur. The results
are used to consider how initial levels of impact, or repeated impacts,
might influence recovery, and what this means for fallowing and other
management strategies, both in the medium-term and strategically
looking to the future.
Fig. 1. Location of study sites and sampling stations in relation to farm
2. Methods

2.1. Study sites and sampling procedures

This study was conducted at two commercial Chinook salmon
(Oncorhynchus tshawytscha) farms (Forsyth Bay = ‘FOR’ and Waihinau
Bay = ‘WAI’, Fig. 1) situated in sheltered embayments in the outer
reaches of theMarlborough Sounds, New Zealand. The sites had compa-
rable sediments (averagemud content=78 to 91%), depth (28 to 35m)
and flow dynamics (mid-water mean current speed = 3 to 8 cm s−1).
Farm FOR was fallowed in 2001 after seven years of consistent and rel-
atively intensive use, and remained unfarmed for the following eight
years. Therefore, at the commencement of this study, the seabed at
FOR was almost completely chemically and biologically remediated
(Keeley et al., 2013a). In December 2009, farming operations were
relocated to the FOR site from the nearbyWAI farm,which had been ac-
tively farmed for approximately 20 years. This provided a rare opportu-
nity to conduct a concurrent study of the effects of fallowing (at WAI)
and re-impact (at FOR).While it is acknowledged that ideally each situ-
ation should be replicated in order to statistically reinforce any observa-
tions, it was clearly not practical on this scale. Average feed use at WAI
over the 12 months preceding the shift was ~268 tons per month
(t month−1), and feed inputs at FOR during the re-impact period equat-
ed to ~262 t month−1.

Both FOR and WAI were sampled immediately prior to cage reloca-
tion, then concurrently at 3-month intervals for the first 12 months
after relocation, and then 6-monthly for the following year (i.e. at 0, 3,
6, 9, 12, 18 and 24 months). Sampling events are identified by the num-
ber of months (‘M’) post-fallowing at WAI or after re-instating at FOR,
e.g. M0, M3, … M24 and are denoted by ‘×’ on subplots in Fig. 3. At
FOR, samples were collected from: three Cage stations (Cage 1, 2, and
3), five ‘Gradient stations’ at increasing distances from the farm along
a north-western transect (i.e. 25 m, 50 m, 75 m, 100 m and 150 m,
Fig. 1), and two near-farm reference stations (Ref1 = 200 m, Ref2 =
s FOR (left) and WAI (right), Marlborough Sounds, New Zealand.
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400 m) with comparable depth and substratum. Sampling at WAI was
conducted at two Cage stations (Cage 1, 2), three gradient stations
(50 m, 100 m and 150 m), and at a reference station (Ref4) situated
~430 m away (Fig. 1). A fourth reference station (Ref3) situated
N4 km from both farms served as an additional ‘far-field’ reference for
each.

Triplicate samples were collected at all stations using a Van-Veen
grab, with water depth (depth, m) and distance from farm (distance,
m) recorded. Each sample was analysed for grain size distribution
(dried and analysed gravimetrically for size class fractions from silt-
clay through to gravel), organic matter content (%OM measured as %
ash free dry weight; Luczak et al., 1997), total free sulphide (TFS, μM)
and macrofaunal community composition. Sediment grain size and
%OM measures were determined from sub-samples collected using a
5.5 cm diameter Perspex core, with the surface 30mmkept for analysis.
Total free sulphide was measured in the surface sediments (0–4.5 cm
depth interval), with samples collected using a cut-off 5-cc plastic
syringe, and analysed following the methods of Wildish et al. (1999).
Macrofauna sub-samples were collected using a 130 mm diameter
(0.0132m2) core (100mm sediment depth), then sorted, and identified
to the lowest practicable level and their abundances recorded. Macro-
fauna count data were used to calculate total abundance (N), number
of taxa (S), Pielou's evenness (J′), Shannon diversity (H′), AZTI's Marine
Biotic Index (AMBI, Borja et al., 2000), Benthic Quality Index (BQI,
Rosenberg et al., 2004) and Multivariate AMBI (M-AMBI, Muxika et al.,
2007). The M-AMBI calculations utilised the reference conditions that
were established for the same locations by Keeley et al. (2012a).

2.2. Data analysis and variable selection

Pearson correlation coefficients between variables were determined
from replicate-level data with any strongly right-skewed variables (N
and TFS) log10 transformed. Results are displayed using the ‘ellipse’ li-
brary (Murdoch and Chow, 1996) in R (Fig. 2). Several of the environ-
mental indicators were highly correlated in both the recovery and re-
Fig. 2. Pearson correlations between environmental variables. Ellipses indicate correlation
strength (by degree of elongation and graduated colour from red = strongly negative to
blue = strongly positive), numbers indicate coefficient rounded to 2 d.p. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the web ver-
sion of this article.)
impact datasets, which allowed selection of a sub-set of variables,
favouring those which provide complimentary information and are
known to reliably elucidate enrichment (Keeley et al., 2012a). Most of
the selected diversitymeasures and biotic indiceswere positively corre-
lated with each other (H′, AMBI, BQI and M-AMBI) and negatively cor-
related with AMBI, with R-squared values N 0.83. Log(N) was the
most weakly correlated with other variables (R2 b 0.42), and therefore
may provide ‘complementary’ information. Therefore the reduced sub-
set of variables selected for detailed analysis and plotting included:
%OM, log(TFS), log(N), S, and BQI, as well as overall enrichment stage
(ES), which is a derivative of all of the physico-chemical and biological
variables combined using established polynomial relationships (see
Keeley et al., 2012a). The results for the other variables (i.e. H′, AMBI
and M-AMBI) are presented in Appendices S1 and S2.

Spatial and temporal patterns for individual parameters were inter-
polated into a grid using the Kriging method in Surfer 9, and displayed
in 2-dimensional plots. The x-axis represents ‘Time’ in years relative to
fallowing or re-impact (T0) and the y-axis represents ‘Space’ as distance
from cages (m). Distances to Ref2, 3 and 4 were reduced for plotting to
emphasise the changes that occurred over the first 200m from the farm
(changes beyond 200 m were negligible).

2.2.1. Multivariate analysis of Cage and Reference stations
Species succession was described by using the SIMPER procedure to

identify those taxa which contributed most to Bray–Curtis similarities
within sample groups for each survey; groups consisted of sample rep-
licates pooledwithin Cage or Reference stations. Bubble plots were gen-
erated to display temporal patterns in specific taxa using the ggplot()
function in the ggplot2 library in R (R Development Team, 2011),
where the x-axis represents time (inmonths) and the y-axis represents
individual species. The colour gradient of the symbols indicates the av-
erage (%) contribution to the groups' similarity (based on SIMPER anal-
ysis of fourth-root transformed data) and the bubble size indicates
abundance for the given time. Taxa shown are restricted to those
which contributed to the top 90% of the dissimilarity, and the y-axis
(i.e. taxa) was sorted (from top to bottom) according to their contribu-
tion to the groups' similarity, sequentially starting with M0 and
progressing to M24. This creates a gradient of species succession; with
those species that played an important role early in each study (i.e. ei-
ther immediately post-fallowing or post farm re-introduction) placed
at the top-left of the plot and those that contributed in the later stages
(e.g. recolonization) towards the bottom-right. Taxa-specific ‘Eco-
Groups’ (EG) are displayed where available, which are established clas-
sifications for species' sensitivity to organic enrichment that are used to
calculate AMBI; these groups range from ‘I’ (very sensitive) to ‘V’ (first
order opportunistic taxa) (refer to Borja et al., 2000; Keeley et al.,
2012b and http://ambi.azti.es/).

The temporal changes that occurred at bothWAI and FORwere then
compared using multi-dimensional scaling (MDS, Clarke and Gorley,
2006; Kruskal and Wish, 1978) in PRIMER v6. All macrofauna count
data were square-root transformed to reduce the influence of highly
abundant taxa and the station-averaged Bray–Curtis similarities of
Cage and Reference stations over time (all months) were displayed in
2 dimensions. Additionally, the environmental data (%OM, log(TFS),
log(N), S, H′, AMBI and BQI) were normalised andMDSwas used to dis-
play the similarities according to Euclidean Distances for Cage and Ref-
erence stations through time.

3. Results

3.1. WAI medium-term recovery

At the point of fallowing (M0), WAI was highly impacted immedi-
ately beneath the cages (i.e. the former cage site), with elevated TFS
(average= 4335 μM), high %OM (average= 20%), lowN (2–60, except

http://ambi.azti.es/
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Fig. 3. Changes in %OM, log(TFS), log(N+ 1), S, and BQI with space and time during recovery atWAI. Time is given inmonths relative to when the cages were removed (M0) and space is
the square of distance (m) from the cages. Crosses (‘×’) denote sampling events.
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one replicate which had 576 individuals), and, only a few (2–4) taxa
(primarily Capitella capitata and nematodes, Figs. 3A–D, 4).

Threemonths after fallowing the conditions at the Cage stations had
deteriorated further; N and Swere at near zero levels, TFS had increased
and the biotic indices indicated extremely impacted conditions
(Figs. 3B–D, 4). Interestingly, %OM increased between M0 and M3 at
one of the two cage stations, despite the fallowed status, before decreas-
ing. Accordingly, overall enrichment stage (ES) indicated near-azoic
conditions at M3 (average ES= 6.3). N increased sharply in the follow-
ing two surveys, achieving a peak of N1700 individuals per core

image of Fig.�3


Fig. 4. Scatterplots of average %OM, TFS, N, S, BQI and ES atWAI recovery at Cage stations 1
and 2 (black dots). Open circles indicate mean values for Reference stations. Error bars
represent 1SE.

Fig. 5. Bubble plot of WAI short-term recovery at Cage stations (combined) based on
SIMPER analysis of macrofauna count data. Species shown are those that contributed to
the top 90% of the groups' similarity and are sorted (from top to bottom) according to
their relative contribution (% similarity indicated by colour gradient). Bubble size indicates
(fourth-root scaled) average total abundance (N). Ref= reference stations atM24. Brack-
eted values indicate previously established Eco-Group (Borja et al., 2000) values for each
taxon. Small blue dots indicate taxa that were present, but did not contribute significantly
to the similarity.
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9 months after fallowing. Over the same period, TFS reduced dramati-
cally, but S remained very low (average S ≈ 6). The period when S
was consistently low (M6 to M9), and total abundances were high,
corresponded to consistently low BQI values indicating a ‘bad’ environ-
mental status, according to the criteria of Rosenberg et al. (2004). Aver-
age overall ES reduced to 5.1 atM9 as the opportunistic taxa proliferated
(Fig. 3F).

Beyond 9 months, S progressively increased, achieving levels com-
parable to the Reference stations (S≈ 18) byM24 (Figs. 3D, 4). Average
%OM remained elevated at the Cage stations until M12, and to a lesser
extent M18, but decreased markedly between M18 and M24, at which
point it was only slightly elevated (~6.5%, Fig. 3A). After 12 months, N
consistently decreased, but remained moderately elevated (average
N = 397 individuals/core) at M24 (Figs. 3C, 4). Marked improvements
were evident in all other diversity measures and biotic indices between
12 and 24 months; however, only H′ achieved levels indicative of Refer-
ence conditions by the conclusion of the study (Appendix S1). S, AMBI
and M-AMBI all still indicated a moderately impacted state after
12 months, while the BQI indicated ‘poor’ benthic habitat quality (Ap-
pendix S1, Fig. 3D, E). ES indicated progressive improvement in condi-
tions from M3, achieving ES ~ 3 at M24 (Figs. 3F, 4).
The gradient sampling stations beyond the cage showed a similar
temporal response pattern during recovery, but with an approximate
3 month lag. At 50 m, N was initially elevated, but reduced during the
first 6 months of recovery before peaking again at 12 to 18 months.
Thus, both the dip in N (evident as a collapse beneath the cages at
M3) and the subsequent peak occurred 3 to 6 months later than be-
neath the cages (Fig. 3C). S, AMBI and M-AMBI also all indicated a tem-
porary deterioration in conditions at the near-farm (50 m) stations at 6
and 9 months before improving steadily between M12 andM24. ES in-
dicated consistent moderate levels of enrichment (ES ≈ 3) 50 m away
for the first 12 months before reducing to near-background levels at
M24 (average ES = 2.5). Further away from the cages at the 100 m
and 150 m stations most of the biotic indices (e.g. H′, AMBI) returned
to near background byM12 to M18. Overall ES was very slightly elevat-
ed (ES ~ 0.3 N Reference) at 100 m until M24. The levels of enrichment
encountered at 50 m distance at M0 were approximately equivalent to
those that were observed at the Cage stations after 24 months of
fallowing.

The initial reduction in total N at M3 at Cage stations was primarily
due to a reduction in the abundance of the opportunistic polychaete
C. capitata (EG V), and to a lesser extent, nematodes and amphipods
(Fig. 5). The subsequent abrupt increase in N at 6 months was due to
large increases in C. capitata abundances and small increases in nema-
tode worms, dorvilleid polychaetes (both EG II second order opportun-
ists) and the polychaete Neanthes circognatha (EG III). C. capitata
densities continued to increase at 9 months, while the other three spe-
cies reduced in abundance.

image of Fig.�4
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After M9, C. capitata abundances strongly decreased while three
second-order opportunists (nematodes and dorvilleid polychaetes) in-
creased and remained dominant until M24. Several other less impact-
Fig. 6. Changes in %OM, log(TFS), log(N+ 1), S, and BQI with space and time in response to farm
(M0) and space is represented as the square of distance (m) from the cages.
tolerant taxa became important components of the assemblage at
M12 (the small bivalve Theora lubrica, amphipods and some EG II
and III polychaetes: Prionospio multicristata, Boccardia acus, and
reinstatement at FOR. Time is given inmonths relative to when the cages were reinstated
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representatives of the families Glyceridae and Nereidae). Many of these
taxa had declined in abundance three months later; the exceptions
being T. lubrica and P. multicristata, which remained numerically impor-
tant at M24. Themain changes between 18 months and the final survey
(at 24 months) were due to the third consecutive large decrease in
C. capitata abundance, and relatively minor changes in abundances of
several taxa known to be sensitive and/or indifferent to enrichment
(i.e. EG I or II), e.g. the polychaetes Boccardia sp., Heteromastus filiformis,
and the families Maldanidae, Paraonidae, Lumbrineridae, and cumacea
(Fig. 5).
3.2. FOR medium-term re-impact

The benthic response beneath the cages during re-impact at FORwas
characterised by a rapid deterioration in all indicator variables (Fig. 6A–
F). Three months after reinstatement the seabed had changed from a
near-natural state (average N = 54, average S = 19.4, ES ≈ 2) to a se-
verely impoverished macrofauna (average N = 16, S = 3, ES ≈ 6;
Fig. 7. Scatterplots of average%OM, TFS,N, S, BQI and ES at FOR re-impact at Cage stations 1
and 2 (black dots). Open circles indicate mean values for Reference stations. Error bars
represent 1SE.
Figs. 6C, D, F and 7), with some replicates containing no macrofauna.
Over the same period, there was a small increase in TFS, which contin-
ued to increase over the following 6 months, peaking at 4000–
5000 μM 9 months after the farm was reinstated (Figs. 6B and 7).

N remained low for the first 6 months before a substantial peak,
driven predominantly by C. capitata, which occurred 12 months after
reinstatement at all three Cage stations (average N = 2380, Figs. 6C
and 7). This peak was still evident after 18 months. At the conclusion
of the study (i.e. after 24 months) the peak of opportunists had dimin-
ished (average N = 276), with three of the nine samples containing
only 5 to 10 individuals per core. After the initial decline atM3, S contin-
ued to decline at M3 and M6 and remained very low (average of 3 to 4
taxa/core) for the remainder of the study (Figs. 6D and 7). BQI andAMBI
also indicated a highly impacted state (1–1.5 and N5.8, respectively)
from 12–24 months post-reinstatement. TFS peaked again, strongly in
the last survey (M24), after N had diminished (Fig. 6B). %OMwas posi-
tively correlated with TFS, peaking initially at M9 to M12 and again at
24 months (~20% w/w, Fig. 6A). Elevated levels of %OM were highly
localised, not extending much beyond 25 m from the farm. ES reduced
slightly after 12 to 18 months in accordance with the temporary re-
establishment of opportunistic taxa, but increased to NES 6 again at
M24 when the macrofauna collapsed.

A peak inNwas also evident at theGradient stations, but diminished
with increasing distance (from 25 m to 100 m stations) and occurred
3 months earlier than beneath the Cages (i.e. after 9 months Fig. 6C).
This small peak in N was observed as far out as the 150 m station. At
25 m, the peak in abundance was still evident at the conclusion of the
study, but further away (i.e. at 50 m and 75 m) abundances subsided
and were comparable to background levels at M18. S was reduced by
approximately 50% when N peaked at the 25 m station (at M9), but
had returned to reference levels by M12 (Fig. 6D). At the 50 m and
75 m stations, S remained moderately suppressed (~15 taxa/core) at
18 and 24 months. Similar patterns were evident in the biotic indices
(e.g. AMBI and BQI, Appendix S2 and Fig. 6E, F) at the 25 m to 75 m
Fig. 8.As for Fig. 5, but using FOR re-impact Cage station data (M0–M24); Ref=Ref1 and2
combined at M0.
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stations — all of which indicated significant, progressive deterioration
over the first 9 months followed by a low level of improvement.

The abrupt deterioration in conditions beneath the Cages in the first
3 months after restockingwas associatedwith the disappearance of vir-
tually all of the taxa that were present at M0 (Fig. 8). The most notable
reductions were (in reducing order of importance according to SIMPER
analysis): amphipods, Prionospio aucklandica, cumaceans, Tanaid sp.,
Paraonidae, Cirratulidae, Lumbrineridae,Myriochele sp., T. lubrica, ostra-
cods, Asellota, Cossura consimilis and H. filiformis (Fig. 8). At M3, small
increases were observed in dorvilleid, Prionospio yuriel, and C. capitata
polychaetes appeared for the first time. Beyond 3 months, differences
between surveys beneath the cages were strongly dominated by large
fluctuations in abundances of C. capitata — increasing initially from
M3 to M6 and peaking in abundance after M12, before undergoing
large declines at M18 and M24. After the initial increase at M3,
P. yuriel no longer featured in the Cage communities, and abundances
of dorvilleid polychaetes remained relatively low and fluctuated be-
tween surveys. Nematodes became numerically important temporarily
at M18, when C. capitata were declining (post-peak abundance), but
still abundant.

3.3. Comparison of recovery and re-impact trajectories in benthic
assemblages

After the first 3 months of recovery and re-impact the macrofaunal
assemblages at the Cage stationswere surprisingly similar; in both situ-
ations their biogeochemical and ecological conditions indicated a highly
impacted state (Fig. 9A, B). However, progression to this state from M0
Fig. 9. MDS ordinations of FOR and WAI medium-term time-series data for Cage and
Reference sites (FOR = Ref1, WAI = Ref4), based on A. Bray–Curtis similarities of site-
averaged, square-root transformed macrofauna count data; and B. Euclidean Distances
of site-averaged normalised environmental data (variables include: %OM, log(TFS),
log(N), S, H′, AMBI and BQI).
was far more dramatic under the re-impact scenario, where the start
point was near-natural conditions, whereas the deterioration under
the recovery scenario was a relatively small shift due to the highly im-
pacted initial state. The recovery and re-impact stations also behaved
similarly between M3 and M6, where the levels of TFS and %OM were
similarly high, opportunistic taxa proliferated, and the benthos was
otherwise impoverished. After 6 months, conditions at the re-impact
stations remained highly impacted and generally comparable to condi-
tions at the recovery site prior to fallowing. Conditions at the recovering
site progressively improved from 9 months onwards, increasing in sim-
ilarity to the Reference stations, but still remainingdistinct (and impact-
ed) at 24 months.

There was very good agreement between the Bray–Curtis similari-
ties of macrofauna count data and the Euclidean Distances based on
the suite of environmental indicators (Fig. 9A, B). Variation within the
Reference stations between surveys was small in comparison to the
changes through time at the Cage stations. Differences between the
two reference stations (i.e., Ref1 near to FOR and Ref4 nearer to WAI)
were also consistently relatively small.

4. Discussion

4.1. Recovery processes

Medium-term recovery processes can be defined by a series of key
responses. Recovery atWAIwasmost significant in the first six months,
with an initial increase followed by a rapid decline in TFS concentrations
over this period. In the ensuing three months there were marked in-
creases in the abundance of opportunistic taxa. The number of taxa
(S) remained suppressed for the first six months but then steadily in-
creased as the opportunists declined. S returned to levels close to that
of the reference stations after 2 years, however, the community was
still clearly impacted, with second-order opportunists and enrichment
tolerant taxa dominating, and lacking several taxa that were numerical-
ly important at the reference station. The resulting overall enrichment
stage (ES) remained clearly higher than for the reference areas (ES 2.8
compared with ES 1.7 for the reference site). This is consistent with a
number of other studieswhich have shown short–medium-term recov-
ery in some variables (particularly geochemical) but distinct differences
in ecological composition after similar timeframes (Karakassis et al.,
1999; Macleod et al., 2004; Villnas et al., 2011). Such large shifts in S,
N and in taxa compositionwerewell captured by the diversitymeasures
and biotic indices, which all indicated highly impacted conditions for
the first year and moderately impacted conditions thereafter.

The finding that full biological remediation at WAI was still not
achieved after two years was not unexpected, as significant composi-
tional differences can exist in the macrofauna for 5 or more years fol-
lowing a highly impacted state in similar low flow environments
(Keeley et al., 2013a). For this reason, formal criteria for the assessment
of the recovery end-point described in Keeley et al. (2014), were not ap-
plied in this study. Brooks et al. (2004) define biological recovery as oc-
curringwhen the dominant taxa (i.e. those taxa which comprise N1% by
number) found at a reference site are present. Whereas here, only 39%
(SE = 2%) of the dominant reference station taxa were present at the
conclusion of the study. In contrast, the criteria for chemical remedia-
tion (Brooks et al., 2004) were met after approximately 18 months; at
which point TFS was decreasing, redox levels were increasing and
more than half the reference area taxa had been established. Hence,
this study revealed early chemical remediation relative to biological re-
mediation, as has been observed elsewhere (Keeley et al., 2013a;
Macleod et al., 2004; Macleod et al., 2006).

4.2. Temporal dynamics during recovery and re-impact

Dynamic relationships between the biological and geochemical
measures of recovery and re-impact were most evident as alternate
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Fig. 10. Stylized depiction of main features observed during impact and recovery from extreme enrichment. Integrates the general trends evident in the recovery and impact datasets
(summarised from Figs. 4 & 7) and from the long-term recovery patterns described in Keeley et al. (2014). S=No. taxa, N= total abundance, TFS= total free sulphides and ES= overall
enrichment stage.
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oscillations between TFS and N — or more specifically, abundances of
first-order opportunistic taxa, especially C. capitata and nematodes. In
both the re-impact and recovery datasets, an initial peak in TFS was
followed by a subsequent peak in N (3 to 6 months later), which in
turn corresponded to a trough in TFS, and as N declined, a second
peak in TFS was observed (a stylised representation of these general
patterns is shown in Fig. 10). In the case of the re-impact scenario, the
first peak in TFS is presumably the initial response to farm reinstate-
ment and organic inputs causing a rapid increase in %OM, which alters
sediment chemistry and elevates TFS. When this occurs in relatively
unimpacted sediments, the natural benthos may be poorly equipped
to respond (Macleod et al., 2007) and sulphide-sensitive taxa (which
may comprise themajority) will be eliminated, while enrichment toler-
ant taxa (characteristically smaller and with a shorter-life cycle) prolif-
erate (Hargrave et al., 2008).

If sulphide tolerant taxa, such as C. capitata and nematodes, are not a
pre-existing component of the macrofauna, then there may be a lag in
their response (Gremare et al., 1989), during which time the sediment
can be effectively devoid of macrofauna, such as was observed here.
The establishment and subsequent proliferation of C. capitata in re-
sponse to enrichment are not dependent on their presence at the time
of the farm reintroduction because elevated TFS is a known settlement
cue for the species (Cuomo, 1985). However, rapid recolonisation
would be facilitated by an established reservoir of the species allowing
immediate, local reproduction and growth.

The peaks and collapses of the opportunistic taxa illustrate charac-
teristic ‘boom and bust’ cycles typical of r-strategy species, exacerbated
by excess organic accumulation resulting in extreme hypoxia/anoxia.
The state of the macrofaunal assemblage has previously been linked to
the rate of supply of organic matter, and associated TFS concentrations
(Brooks and Mahnken, 2003; Hargrave et al., 2008; Tenore and
Chesney, 1985). Being a first-order opportunist, C. capitata, responds
rapidly to increased food availability and subsequent diminution of
food can cause a collapse in the population, often on 8 to 10week cycles
(Chesney and Tenore, 1985; Gremare et al., 1989). Such an ‘overshoot of
their carrying capacity’ is thought to result from: i) changes in physical
factors, ii) reduction in availability of resources, or iii) competition for
food (Gremare et al., 1989). These factors may explain the fluctuations
post-fallowing at WAI, as the pool of organic matter is consumed, at
which point, competition from second-order opportunists may also be-
come important.

However, the same factors do not explain the re-impact situation at
FOR where there was a substantial and consistent organic flux. The re-
duction in TFS at 12–18 months may be explained by fauna-mediated
oxygenation of the sediments and organic matter decomposition
(Braeckman et al., 2010; Heilskov and Holmer, 2001). Although
C. capitatawas described by Heilskov et al. (2006) as a relatively poor ir-
rigator, and therefore mineralizer, of sediments, that finding was based
on relatively low densities, and therefore, low metabolic potential. The
metabolic rate of Capitella has been estimated at 12 mmol total
CO2 m−2 day−1 for 10,000 individuals, whereas, a much larger Nereid
polycheate species can have a metabolic rate almost an order of magni-
tude grater (Heilskov and Holmer, 2001). However, capitellid densities
in this study (1000 to 2500 per core) were approximately 2–3 orders of
magnitude higher than is typical for large errant polychaetes (b10 per
core), and can be as much as four orders of magnitude higher (Keeley
et al., 2012b; Keeley et al., 2013b). Additionally, Heilskov's study consid-
ered the ability of capitellids to actively irrigate the sediments, but it did
not account for a number of other factors that can promote mineraliza-
tion of organic matter when densities are very high. For example, there
is likely to be significant passive transfer of overlyingwaters andmicro-
bial communities through the intensive burrow networks, and the
mobilisation of sediments through ingestion. It is therefore reasonable
to conclude that opportunistic macrofauna when at very high densities
can play a significant role in metabolising waste and associated chemi-
cal remediation. Nonetheless, with an ongoing flux of organic matter at
FOR, sediment anoxia and collapse of the macrofauna eventually oc-
curred (i.e. after 24 months). These conditions may suppress future
colonization events, leading to prolonged anoxia and organic
accumulation. In the absence of a functioning and prolific macrofau-
na, benthic metabolism would be limited to microbial organisms
(e.g. protozoa and flagellates) and anaerobic processes (Hargrave
et al., 2008), which may explain the sharp increase in TFS at FOR
from 18–24 months.

It was interesting to note that the abrupt removal of the WAI farm
also set up an analogous set of oscillations in key biological and
physico-chemical variables. Such oscillations between TFS and total
abundancemay go someway to explaining the frequently poor negative
linear relationship between the two variables (Fig. 2, Hargrave et al.,
2008; Keeley et al., 2013b); as there can also be periods when both N
and TFS are increasing. A better understanding of the roles that are
played by microbial communities and meiofauna may help explain
these anomalies in the temporal cycles. Both of which are potentially
important but poorly understood components of the benthic ecology
in this regard (Bissett et al., 2007). It is likely that temperature/season
also played a role by influencing metabolic rates (including that of the
bacterial communities) and near-bottom oxygen levels. However, the
patterns observed (summarised in Fig. 10) are clearly dominated by
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the large post-disturbance response that would likely override any sea-
sonal pattern in the early stages at least, and did not seem to support a
clear seasonal cycle.

Compared to recovery, the re-impact trajectory was steep, achieving
a highly impacted state (near-azoic, ES 6–7) from near-natural condi-
tionswithin threemonths (Fig. 10).Whereas, the same level of recovery
(i.e. fromES 6 to natural) did not occurwithin the two year timeframe of
the study, and a long-term study conducted at the same FOR site indi-
cated that recovery was achieved after ~5 years (Keeley et al., 2013a).
Such hysteresis has been described for a range of environments, includ-
ing rivers, lakes, estuaries and coasts (Borja et al., 2010; Verdonschot
et al., 2013). However, the temporal model described in the present
study differs markedly from that proposed by Borja et al. (2010),
which describes hysteresis (and resilience) in relation to a gradient of
on-going pressure (i.e. where the pressure is ramped up or down),
whereas in the case of salmon farm fallowing, the pressure changes
abruptly; i.e. it is either constantly on (when the farm is present) or
off (when the farm is removed). Interestingly, the level of organic en-
richment (as assessed by ES) decreased periodically as opportunistic
taxa became established and proliferated, before deteriorating again at
the conclusion of the two year study, when the opportunistic taxa col-
lapsed. It is conceivable that N may have peaked again after the conclu-
sion of the study, but it seems unlikely in the presence of sustained high
levels of organic flux. This suggests that the rate of organic flux (and ac-
cordingly feed use and farming intensity) was more than the assimila-
tive capacity of the sediments. Closer analysis of the associated
depositional flux rate supports this conclusion. The average feed use
over the period of occupation equated to a depositional flux of approx-
imately 7–8 kg solids m−2 year−1 beneath the cage (determined from
depositional modelling (DEPOMOD), Cromey et al., 2002), whereas
the proposed threshold for the maintenance of ES 5 conditions at low
flow sites is ~6 kg solids m−2 year−1. Hence, the level of farming was
probably unsustainable in the long-term.

4.3. Spatial dynamics during recovery and re-impact

It was also apparent from this study that the peak in opportunists
can shift in space as well as time in response to significant organic in-
puts, on a scale of 10s of metres. When the farm was operational at
WAI, the zone of peak abundance occurred beyond the perimeter of
the cages (25 to 50 m away), but shifted into the centre of the farm
when the inputs ceased and enrichment levels subsided. As recovery
progressed (in this case, after 18 months), %OM reduced beneath
where the cages were situated and the peak in total abundance shifted
outward again to the perimeter of the site (25–50m away). A compara-
ble pattern was evident in a study of long-term recovery at FOR, where
the peak in %OM shifted out to 25mafter two years and the peak in total
abundance also occurred at the same distance two years later (four
years after fallowing, Keeley et al., 2013a). A similar situation was ob-
served during re-impact, where the proliferation of opportunistic spe-
cies initially occurred on the periphery of the cage site, before
migrating into the most impacted region approximately three months
later. Such shifts in the high-density zone of opportunists close to the
farmemphasise the spatially and temporally dynamic nature of the ben-
thos and highlight the need for coupled at-source (e.g. beneath cage)
and near-source (e.g. 50 m) sampling. This has implications for moni-
toring strategies that target sampling at a single distance from the
farm (e.g. AZE, ASC, 2012).

This study also revealed some interesting wider spatial patterns,
whereby taxa richness, peaked both away from the farm in the outer
reaches of obvious enrichment (i.e. 75 m to 100 m), and later in time,
as the overall enrichment level subsided. A similar patternwas observed
in the long-term analysis of the FOR site, where taxa richness became el-
evated approximately 100 m away from the farm, but in that case after
3–4 years (Keeley et al., 2013a). Such observations are consistent with
the established ‘intermediate disturbance hypothesis’, which predicts
that the highest diversity will be found at intermediate levels of distur-
bance (Petraitis et al., 1989), analogous to the ‘transition zone’described
for organic enrichment gradients (Pearson and Rosenberg, 1978). In this
case, the outer region of the benthic footprint was characterised by ES
2.5–3 conditions, which represents a zone of mild enrichment or ‘en-
hancement’, where taxa richness can be elevated, while sediment
chemistry is not necessarily affected (Keeley et al., 2012b; Keeley
et al., 2013b). This benthic state may be subjectively viewed as
being either a positive or a negative effect, and given that the affected
area is potentially larger than the area of ‘severe enrichment’, it should
be a consideration in any broader environmental impact assessment
(EIA).

4.4. Biological indicators

Comparisons of the prevalence of individual taxa during different
stages of recovery as compared to re-impact were made difficult by
the macrofaunal collapse that occurred at the re-impact site within
the first 3 months. Two taxa were able to withstand the reintroduction
of the farm (dorvilleids and C. capitata) — both of which are first or
second-order opportunistic polychaetes, and obviously hardy and
indicative of high levels of enrichment. P. yuriel proved to be moder-
ately tolerant of organic enrichment, but it disappeared with the
onset of sediment anoxia. Nematodes appeared to replace
C. capitata towards the end of the 24 month cycle and as such fea-
tured at the most impacted end of the successional gradient. Succes-
sion among these taxa under degenerating conditions appears to be:
dorvilleids→ capitellids→ nematodes→ azoic. In the case of recovery
the same taxa dominated from 6 months onwards, however C. capitata
was the earliest to colonise and to subsequently die back. In the case of
nematodes at least, the slightly delayed response in both degrading and
recovery sediments may be related to their small size (meiofauna) and
ability to occupy interstitial spaces (Sutherland et al., 2007); i.e. high
densities of capitellids may in fact be conditioning sediments and pro-
viding direct habitat, and as such there may be some degree of co-
facilitation.

Diversity improved considerably after 12 months as several
enrichment-tolerant and second order opportunistic taxa (EG III and
IV, Borja et al., 2000) became established. These are all good indicators
of the early stages of recovery. The presence of Maldanidae at the late
stages of recovery when conditions were still moderately impacted
raises questions over its present classification as being ‘sensitive to en-
richment’ (Keeley et al., 2012b), suggesting itmay bemore appropriate-
ly classified as EG II (i.e., indifferent to enrichment, Borja et al., 2000).
However, this decrease may also be a function of endemic and/or
species-specific differences existing within what is a relatively high-
level taxonomic grouping.

4.5. Implications for monitoring and management strategies

The fact that the impact/re-impact pathway is considerably shorter
than the recovery pathway (i.e. system hysteresis) has implications
for management and sustainability of rotational fallowing strategies.
Clearly, it may be impractical to move cages every three months to
avoid sediment anoxia. Moreover, many alternate sites would be need-
ed to move cages onto while the original sites were recovering, leading
to a more extensive overall effects ‘footprint’ and creating conflict with
other resource users. The sustainability of the level of farming may also
be influenced by the way a farm is introduced to a site. In the present
case, the farm was reintroduced in a fully operational state (i.e. fully
stocked with large fish), as opposed to progressively with a relatively
low initial biomass of smolts. This is likely to have contributed to the
abrupt deterioration in conditions, as there was no lead-in time to
allow the macrofauna to adapt and respond to the additional inputs. A
different impact trajectory may have resulted if the farming intensity
was progressively introduced over a period of ca. 6 to 12 months.



422 N.B. Keeley et al. / Aquaculture 435 (2015) 412–423
Equally, the need for ‘preconditioning’ could be used as an argument for
reintroducing farms to fallowed sites before recovery is complete, when
the macrofauna assemblage still contains opportunistic taxa. However,
this would only be true if therewere no other residual effects in the sed-
iments that predisposed it to becoming quickly re-impacted, for exam-
ple, pockets of recalcitrant material or a shallow redox potential
discontinuity (RPD) layer.

Where it can be assumed that residual effects are unimportant
(i.e. system resilience has not been compromised) and the impact path-
way (as indicated by ES, Fig. 10) remains unchanged upon subsequent
reinstatements, then the level of impact at reinstatement would likely
increase initially, but remain relatively constant for subsequent
fallowing/farming cycles (Fig. 11-A). Conceivably, this situation would
enable farms to consistently operate within benthic environmental
quality standards (EQS), which is a common requirement for fish
farms internationally (Wilson et al., 2009). However, if the system has
compromised resilience at the point of reintroduction and the rate of
re-impact increases, then a degenerative profile may develop (Fig. 11-
B). Once the population of opportunist's collapses, the potential for ben-
thic metabolism (and therefore assimilation) also diminishes, and or-
ganic matter will tend to accumulate. Under these conditions, the
recovery rate may be adversely affected (due to the time taken to
metabolise the excess organic matter). Additionally, the time spent ex-
ceeding a given EQS may increase with successive occupations, as
would the level of enrichment at the start of each new occupation, ulti-
mately leading to the potential for “souring” of the site (Fig. 11-B). In
such a situation, either the organic flux (i.e. farming intensity) would
need to be reduced, or the fallow period would need to be increased
to achieve a sustainable cycle. Therefore, the influence that time spent
in an ‘accumulative’ state has on recovery trajectories may be critical
to the sustainability of fallowing strategies.
Fig. 11. Theoretical recovery— re-impact profiles for a successive two year fallowing strategy.
chemical responses) is unaffected by residual effects at the point of farm reintroduction. B. Pot
subsequent pathways are affected by the presence of a residual population of opportunistic taxa
affected by more time spent in an accumulative state.
This means that when farm management goals are influenced by
benthic EQSs, farm reintroductions should gradually increase produc-
tion (within practical constraints); allowing time for the benthos to
adapt and deal with the additional flux of organic material, and then
bemaintained at a level that avoids the collapse of themacrofauna pop-
ulation. The sediment's ability to cope with organic inputs from fish
farming, and hence the duration of the recovery period for a given loca-
tion, is contingent on two key factors: the organic load in each farming
cycle and the extent towhich the sediment community is allowed to re-
cover. Understanding the influence of each of these on sediment pro-
cesses is important for sustainable long-term management of farming
operations. If the overall recovery in any cycle is reduced then there is
potential for the assimilative capacity of the sediments to be detrimen-
tally affected, and a degenerative, and shortening, recovery cycle will
likely ensue. Similarly, if the level of organic enrichment increases either
in quantity or rate of input then the assimilative capacity of the sedi-
ments may be adversely affected. Under either of these situations man-
agement interventionmay be required to bring sediment recovery back
into line with the operational timeline.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.aquaculture.2014.10.007.
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