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1 Introduction

This is the first in a series of
independent literature reviews
about marine farming interactions
with the environment.

The Department of Natural Resources

and Environment Tasmania (NRE Tas)
commissioned the University of Tasmania’s
Institute for Marine and Antarctic Studies
(IMAS) to perform these reviews to support
the planning and regulation of marine
farming in Tasmania, and to provide a
reference source for people with an interest
in Tasmanian aquaculture and the marine
environment. It is intended to cover all
forms of existing or proposed marine-based
aquaculture within Tasmanian state waters
and will be regularly updated and revised to
consider new scientific information.

This review will focus on the interaction
between soft sediment habitats and

finfish aquaculture.

Soft sediment habitats cover large areas of estuarine
and oceanic seabed environments (Barros 2016),
both globally and around Tasmania’s coastline. Soft
sediments are found in estuaries, harbours, and
shallow coastal zones which fringe rocky reef habitats,
and extend into deeper waters. They are the dominant
seafloor type in southeast Tasmanian coastal areas
(Jordan et al. 2003), including in finfish aquaculture
areas (Figure 1).

Soft sediment habitats are diverse and productive
(Edgar et al. 2009), but generally have low structural
complexity compared to other benthic habitats
(Figure 2; Byers & Grabowski 2014). Most soft
sediment habitats are unvegetated, but shallower
soft sediment areas may contain vegetation including
seagrasses and low-lying algae which contribute

to primary production. Other biogenic structures
(shellfish beds, sponge gardens, maerl beds) may
also feature strongly in deeper soft sediment areas
(Byers & Grabowski 2014, Strain et al. 2023). These
‘structured’ soft sediment habitats are not included
in this review, due to their different biological
assemblages and ecosystem functioning compared
to unstructured soft sediments.



ECOLOGICAL EFFECTS OF FINFISH AQUACULTURE ON SOFT SEDIMENTS 3

Animals inhabiting unstructured soft sediment
habitats are typically small invertebrates such

as polychaetes, crustaceans, echinoderms and
molluscs that live within the sediment (infauna)
and, to a lesser extent, on the sediment (epifauna).
The feeding, burrowing and bio-irrigation activity of
these animals, as well as microbial and meiofaunal
activity, are important for system function and the
associated ecosystem services soft sediment systems
provide. These include nutrient cycling, organic
matter remineralisation, oxygenation and carbon
sequestration (Troell et al. 2005, Burdige 2006,
Byers & Grabowski 2014; Figure 3). Arguably the
most important function of these systems in the
context of finfish aquaculture interactions is their
ability to process organic matter.

The composition of biological assemblages living

in soft sediment habitats varies according to the
prevailing environmental conditions, which are
reflected in the local physicochemical characteristics
of the sediment (Snelgrove & Butman 1995, Morrisey
et al. 1998, Edgar et al. 2005, Anderson 2008,
Macdonald et al. 2012). For example, silt, mud and
very fine sands tend to dominate more sheltered and
low-energy coastal areas and have a higher organic
content, while in higher energy areas sediments have
a lower organic content and feature coarser sands,
possibly containing some gravel (Snelgrove & Butman
1995). Generally, suspension feeding animals are
more abundant in high energy areas, and deposit
feeders in lower energy, depositional areas (Snelgrove
1999, Byers & Grabowski 2014).

These patterns are evidenced in the finfish growing
regions across Tasmania. In Storm Bay, coarser
sediments, mostly fine sands, dominate with high
species richness and diversity in benthic communities.
Crustaceans are the dominant taxa followed by
polychaete worms, molluscs and echinoderms (Strain
et al. 2023). In more sheltered areas, finer sediments
and higher organic content favours polychaete worms
as the dominant taxa (Figure 1; Ross et al. 2021).

In Macquarie Harbour (west coast Tasmania)
sediments are finer still, with assemblages dominated
by surface-deposit-feeding polychaete worms

with small numbers of crustaceans, molluscs and
echinoderms (Ross et al. 2021). Benthic communities
in Macquarie Harbour are naturally low in productivity
due to the dark tannin-rich freshwater layer that limits
light, and subsequently photosynthesis (Talman et al.
1996, Edgar et al. 1999). Such differences in benthic
ecology and associated environmental factors can
affect resilience of soft sediments to anthropogenic
stressors including aquaculture (Bolam et al. 2002,
Macleod et al. 2007, Ross et al. 2025), and lead

to system-specific patterns in benthic response

to organic enrichment from farming.
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Figure 1: Seafloor substrate classification and marine farm leases (all types, including finfish)
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Figure 2: Examples of soft sediment habitats from within Tasmania

Soft sediments are typically a depositional habitat,
specifically adapted to breaking down organic
material. They cover vast areas of the seafloor and
typically have fewer species associations at higher
trophic levels compared with rocky reefs and other
complex benthic habitats (Byers & Grabowski 2014).
Consequently, unstructured soft sediments are

the primary habitat over which finfish aquaculture
developments are sited (Figure 1; Woods et al. 2004),
and ecological interactions with fish farming are
correspondingly well-described both in Tasmania
(Yeetal. 1991, Macleod & Forbes 2004, Macleod et
al. 2004a, Macleod et al. 2004b, Edgar et al. 2005)
and overseas (Karakassis 2001, Tomassetti & Porrello
2005, Kalantzi & Karakassis 2006, Keeley 2013).
However, there has been relatively less experience
with fish farming over soft sediment habitats in more
dispersive and dynamic environments where industry
is currently focusing finfish aquaculture expansion
(Morro et al. 2022).

The key concern regarding environmental
sustainability of coastal fish farms is nutrient
enrichment from the discharge of dissolved and
particulate organic wastes. Importantly, the
interactions of particulate wastes with benthic soft
sediment habitats can be actively managed to ensure
their important system functions, and their ability to
recover from impacts, are maintained (Hansen et al.
2001, Read & Fernandes 2003, Bannister et al. 2014,
Fletcher et al. 2022).

This review describes the present state of knowledge
about potential interactions between finfish
aquaculture and unstructured soft sediments, as
well as their monitoring and management, with an
emphasis on the Tasmanian context.
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Figure 3: Adaption of Ehrnsten et al. (2020), showing the major processes controlling
benthic biogeochemical fluxes
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2 Effects on soft
sediment habitats

Finfish aquaculture can interact with soft
sediments through numerous pathways.
The current state of knowledge of these
interactions, along with their associated
effects are discussed in this section.

The major pathway of interaction between soft
sediments and open-cage finfish aquaculture is the
discharge of organic matter which can build up on
the seabed (Kalantzi & Karakassis 2006; Figure 4).
Deposition comes mainly in the form of uneaten feed
and faecal material (Cromey et al. 2002, Wang et

al. 2012, Schumann & Brinker 2020), but also from
biofouling organisms that drop to the seafloor after
being dislodged naturally, or mechanically through

in situ cleaning (Bannister et al. 2019).

Deposition of organic material can lead to enrichment
of soft sediments, ultimately leading to highly
modified benthic community structure and function
(Sweetman et al. 2014, Keeley et al. 2019). While
effects are typically localised, there is the potential for
more subtle enrichment to occur on a broader scale,
depending on the receiving environment (Wang et al.
2012, Law et al. 2014, Bannister et al. 2016, Broch

et al. 2017, Keeley et al. 2019). Finfish aquaculture is
also a potential source of soft sediment contamination
from feed additives, the use of therapeutants, and
anti-foul coatings from farm infrastructure (Wu 1995,
Loucks et al. 2012, Hamoutene et al. 2018), which

are also considered in more detail below.

2.1 Organic enrichment

Deposits of fish faeces and uneaten feed pellets
from finfish aquaculture stimulate microbial activity,
which in turn alters both the chemistry and ecology of
the sediments. The increase in oxygen consumption
during the breakdown of excess organic matter can
progressively lead to an oxygen deficit and anoxic
conditions in the sediments (Figure 5a). This is
followed by a transition to anaerobic decomposition
processes including sulphate reduction and
methanogenesis (Wu 1995, Kalantzi & Karakassis
2006, Cranford et al. 2020).

These processes result in a lowered redox (reduction-
oxidation) potential and increased sediment free-
sulphide concentrations (Valdemarsen et al. 2012).

In highly over-enriched conditions, sediments can
become completely anoxic, evident as a strong “rotten
egg gas” smell of hydrogen sulphide and a black
colour throughout the entire sediment profile (Figure
5a). Sediment out-gassing often also occurs in these
conditions, evident as gas bubbles emerging from the
sediment surface.
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Figure 4: Conceptual diagram of the potential deposition mechanisms from salmon

farm aquaculture
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Reduced oxygen and build-up of free sulphides can
adversely affect the health and functioning of soft
sediment fauna, which display a range of tolerances
(Hargrave et al. 2008). Faunal communities become
progressively modified in response to increasing
organic enrichment, with species diversity beginning
to decline as sensitive species are displaced, and
opportunistic taxa tolerant of low oxygen taking
advantage of the readily available organic matter.
Pearson and Rosenberg (1978) produced the
classical model describing the series of macrobenthic
successional changes in response to a gradient of
increasing organic enrichment (Figure 5b), and this has
been supported by many studies of the benthic impacts
from aquaculture-derived organic enrichment (Holmer
& Kristensen 1992, Wildish et al. 1999, Keeley 2013).

Anoxic sediments that occur in excessively over-
enriched conditions are often virtually devoid of all
fauna, and organic matter cycling is driven entirely by
bacteria (Pearson & Rosenberg 1978, Keeley et al.
2012a). One well-known example is the mat-forming
filamentous bacteria Beggiatoa spp., which is visible as
white/cream patches on the seafloor at higher levels
of enrichment (Fenchel & Bernard 1995; Figure 6). As
deposition is typically greater in proximity to the farm,
a gradient in benthic response is generally seen, with
impact decreasing with distance from the farm (Keeley
et al. 2013a, Weitzman et al. 2019, Ross et al. 2021).



ECOLOGICAL EFFECTS OF FINFISH AQUACULTURE ON SOFT SEDIMENTS 9

Figure 5: Generalised model of benthic succession in response to organic enrichment
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Figure 6: Generalised representation of modified soft sediment habitats due to deposition
from finfish aquaculture
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At intermediary levels of organic enrichment, a more
diverse range of species persists (Ross et al. 2021).
These communities include scavengers, deposit
feeders and suspension feeders which are able to
rapidly exploit the enhanced detrital food supply (Ross
et al. 2021), and include some of the sensitive species
displaced by the low redox conditions in highly
impacted sediments. Where there are only mild levels
of organic enrichment, communities can respond to
the more abundant food supply without associated
deteriorations in sediment chemistry. Proliferation

or attraction of some organisms may enhance

overall species richness or biomass, including that

of epifauna (White et al. 2018, McMullin et al. 2021,
Ross et al. 2025), although larger and longer-lived
species associated with pristine conditions may be
displaced from these communities (Ross et al. 2025).

Mobile species may be attracted to deposition,
including biofouling drop-off, from fish farms
(Fernandez-Jover et al. 2011, Sanz-Lazaro & Marin
2011, White et al. 2018, Keeley et al. 2020). For
example, Crawford et al. (2001) reported high
densities of the native starfish Coscinasterias muricata
scavenging on biofouling drop off in the vicinity of fish
farms on remotely operated vehicle (ROV) surveys in
the late 1990s. More recent observations have shown
the side gill slug Pleurobranchaea maculata, New
Zealand piecrust crab Metacarcinus novaezelandiae
and northern Pacific seastar Asterias amurensis are
also attracted to the organic deposits, the latter two
being introduced species (Ross et al. 2021, Strain et
al. 2023). Organisms from biofouling communities
may also recruit to, or incorporate into, sediments and
change the benthic community composition or habitat
structure (e.g. mussel shells; Figure 6), particularly
following a cleaning event (see Section 3.2.2).

Biofouling species which feature in the sediments below
fish farms include mussels (e.g. Mytilus galloprovincialis),
ascidians (e.g. Ascidiella aspersa), amphipods from the
genus Jassa, and caprellids from the genus Caprella.
This colonisation by biofouling species on the seafloor
environment also represents a potential pathway for
the spread of invasive or unwanted marine species.

Aggregations of mobile deposit feeders may also
enhance organic matter assimilative capacity of

the benthic community and may actively transport
assimilated organic carbon beyond the area of impact
(Keeley et al. 2020). Localised aggregations attracted
to the farm are often precluded from advanced stages
of organic enrichment under cages, so aggregations
generally occur in a ‘halo’ around the farm where
sediment oxygen levels are more tolerable, yet food
supply is enhanced.

Consistency with the classical benthic succession
model has been demonstrated in Tasmanian systems
(Ye et al. 1991, Macleod & Forbes 2004, Edgar et al.
2005, Macleod et al. 2007), with the most enriched
and impacted communities typically characterised

by the enrichment-tolerant opportunist, Capitella
capitata, a small deposit feeding polychaete (Pearson
& Rosenberg 1978). However, specific indicators of
the various response stages can vary locally (Figure
7). In Macquarie Harbour, highly enriched farm
sediments are dominated by opportunistic dorvilleid
polychaetes Schistomeringos loveni and Ophryotrocha
shieldsi (Figure 6) rather than capitellids. In southern
Tasmanian farming regions, Capitella spp. is the
dominant opportunist at high enrichment levels
(Figure 6), as with the classical model, but additional
species are also noted as important indicators,

and these vary according to hydrodynamic regime.

At high energy sites in south Tasmania, Mediomastus
sp. also prevails at high enrichment, while Malacoceros
tripartitus and Nebalia sp. prevail under highly enriched
conditions at lower energy sites (Ross et al. 2025). The
sediment chemistry response at the different severities
of organic enrichment can also vary across sites, as can
its relationship with overall macrofaunal health (Keeley
etal. 20134, Ross et al. 2021, Sanz-Lazaro et al. 2021).
These regional or site-level differences are important
to note in the context of managing the interaction
between finfish aquaculture and soft sediments.
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Figure 7: Macleod et al. (2007) adaption of Pearson & Rosenberg (1978) succession
model showing the local indicator taxa found in response to finfish aquaculture-derived
enrichment at study leases in Tasmania
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The volume and rate of depositional material onto
soft sediments will also influence the assimilatory
capacity of the habitat. At high-flow sites, benthic
communities can maintain greater species diversity
under highly enriched conditions, while deposit
feeding polychaetes can reach extremely high total
abundances with higher resilience to macrofaunal
collapse compared to sites with low current flow
(Keeley et al. 2013a).

In Tasmania, Macleod indicated that biological
communities in higher flow areas appeared to

have a lower assimilative capacity relative to those
in more sheltered areas, as their predominant
functional traits were not well-adapted to organic
matter processing (Macleod et al. 2006a, Macleod et
al. 2007). However, recent work at several exposed
and sandier farming locations across Storm Bay and
the southern D’Entrecasteaux Channel found benthic
communities adapted to organic matter processing,
including high abundances of Capitella spp. at sites
in close proximity to cages (Ross et al. 2021, Strain
etal. 2023).

In Macquarie Harbour, the naturally low oxygen
conditions in bottom waters and benthic communities
lacking in diversity and biomass (‘depauperate’)
combine to limit the assimilative capacity of benthic
sediments. This predisposes the system to becoming
more readily overwhelmed by additions of farm-derived
organic matter than south-east Tasmania farming areas
(Ross et al. 2021). Differences in assimilative capacity
have implications for both managing and monitoring
fish farm organic enrichment.

2.1.1 Factors affecting scale and intensity
of organic enrichment

The most significant benthic responses are typically
evident directly beneath and adjacent to the cages
where most particulate waste is deposited, with
impacts decreasing further away from the farm.
However, the intensity and spatial extent of the
depositional footprint and associated benthic
response is site specific. As well as operational
farming practices which dictate the amount and
timing of particulate loads, the benthic response can
be influenced by local and regional environmental
(current regimes, bottom type) and ecological
(species and community specific) factors.

Farm practices

The intensity and timing of feed inputs have a major
influence on soft sediment effects. As with most other
countries, most finfish farms in Tasmania utilise a
single year class production model, where a single
cohort of fish are reared. In this situation, sediment
effects change with seasonal production and feed
inputs, intensifying as feed inputs (and subsequent
deposition) increase with fish growth (Kutti et al.
20074, Keeley et al. 2019). Where multiple year-class
production models are used, feed inputs are more
consistent through time due to regular re-stocking
and harvesting of fish (Fletcher et al. 2022), so there
is likely to be a more continuous deposition of farm
particulates with less opportunity for the sediments
to recover.

Another key aspect of farm operations that influences
sediment enrichment is the type of feeding system
and its efficiency. Minimising feed wastage is good
practice economically, environmentally, and with
regard to fish health. In Tasmania, there have been
major advances in the feeding systems across all
growing regions in the past decade.
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Site characteristics

The physical characteristics of the site will also
influence the magnitude and spatial extent of soft
sediment deposition. Water currents are an important
factor controlling the footprint of organic enrichment,
with stronger water currents spreading the particulate
matter over a larger area. This reduces the intensity
of enrichment directly beneath the farm but increases
the size of the depositional footprint (Yokoyama et al.
2007, Chary et al. 2021).

Strong currents near the seabed may also resuspend
settled organic matter, spreading it over a larger area
and reducing the intensity of enrichment close to

the farm. Increased water movement also promotes
oxygenation of the sediment-water interface, increasing
the efficiency of organic matter mineralisation and
reducing effects on the biological community

(Bravo & Grant 2018, Sanz-Lazaro et al. 2021).

Deeper sites are also likely to produce larger and more
diffuse depositional footprints (Kutti et al. 2007b,
Woodcock et al. 2018, Keeley et al. 2019). The shape
of the footprint can also be distorted according to the
local hydrodynamics (Keeley et al. 2013b, Broch et

al. 2017), potentially leading to patchy or irregularly
shaped footprints of organic enrichment in dynamic
areas (Broch et al. 2017).

Mild enrichment can be detected up to 100-1,000
m from a finfish aquaculture site, depending on the
site’s dispersive characteristics (Keeley et al. 2013b,
2019). In Tasmania, the greatest enrichment and
most significant benthic impacts have been shown
to be largely restricted to within 35 m from the cage,
but with milder enrichment and more subtle effects
evident out to 150 m at low flow, depositional sites
(Edgar et al. 2010) and 200-500m at deep or more
dispersive sites (Ross et al. 2021).

Based on research performed overseas, it is
understood that significant amounts of particulate
material can be transported beyond the primary area
of deposition at dispersive sites (Bannister et al.
2016, Keeley et al. 2019), with empirical research
showing diffuse deposition of farm-derived organic
matter up to 1,200 m from the farm (Woodcock et al.
2019). Far-field deposition of particulate wastes may
lead to effects in intensively farmed regions where
multiple farms contribute to far field deposition, and/
or if particulate wastes are entrained into depositional
areas such as when bathymetry and hydrodynamics
are spatially variable, including in areas with strong
particle transport characteristics (Bannister et al.
2016, Broch et al. 2017, White et al. 2017, Keeley
etal. 2019).

Dissolved nutrients directly excreted from farmed

fish or released from farm derived organic matter

can also stimulate primary production in the water
column, leading to increased organic matter as an
indirect source for diffuse organic enrichment at a
broader scale (Robinson et al. 2005, Sara et al. 2011,
Weitzman et al. 2019). The spatial extent of these
effects depends on the system dynamics but can be
several kilometres (see Review 2: Ecological effects

of finfish aquaculture on the water column). Although
there is potential for organic enrichment via enhanced
water column productivity, the broadscale nature of
this enrichment pathway is difficult to measure and
identify given it is likely to be subtle and influenced by
other natural and anthropogenic sources of nutrients
(Saraetal. 2011, Husa et al. 2014, Price et al. 2015).
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2.1.2 Seabed recovery

Sediment recovery is also influenced by the biological
and physical characteristics of the site (Macleod et al.
2006b). Assimilation and processing of the organic
matter by microbes and macrofauna are key biological
processes determining recovery, with bioirrigation and
bioturbation (the process of sediment and interstitial
water cycling facilitated by sediment infauna) enabling
sediment reoxygenation and mixing.

Physical processes are also important, with water
movement reoxygenating sediments by eroding
accumulated organic matter from surface sediments,
causing mixing and export. Generally the more severe
the impact, the longer the recovery time (Keeley

et al. 2015, Hale et al. 2023, Wang & Olsen 2024),
although local biological and environmental factors
will often combine to influence this. For example,
two farming sites in southern Tasmania with a
comparable farming history but different native
biological assemblages, showed different recovery
responses (Macleod et al. 2007).

The more exposed site with fauna adapted to dynamic
sediment conditions and lower natural organic loading
was slower to recover. Residual sediment chemistry
conditions and slower recruitment strategies of native
fauna at this location inhibited early colonisation

of impacted areas. On the other hand, at the farm
located in a more sheltered depositional area, benthic
communities appeared to be better equipped to
recolonise recovering sediments due to their greater
tolerance to organically enriched conditions, and more
opportunistic reproductive strategies (Macleod et al.
2007). Consequently, sediments with naturally higher
organic carbon content may contain species better
adapted to rapid recolonisation and remediation of
recovering sediments.

The point at which the recovery is fully concluded

is subjective, leading to difficulties in comparing
recovery timeframes across the literature (Macleod et
al. 2004b, Crawford et al. 2008, Keeley et al. 2014).
Substantial benthic recovery can occur within a few
months of destocking (Macleod et al. 2004b, Keeley
et al. 2019), and near complete recovery has been
observed at six to seven months (Brooks et al. 2003,
Keeley et al. 2019). By contrast, heavily farmed sites
with evidence of excess organic matter accumulations
in the sediments have shown lasting effects beyond
four to seven years after farming (Brooks et al. 2004,
Sim et al. 2024).

Sediment chemistry is first to improve (Chang & Page
2011, Keeley et al. 2015), with signs of recovery within
a few months, and full recovery within two to three
years (Macleod et al. 2004b). Faunal communities
typically recover at slower timescales (Brooks et

al. 2004, Macleod et al. 2004b). In Tasmania and
New Zealand, macrofaunal recovery was shown to
commence within 3—12 months and take several years
to “fully recover’ (Macleod et al. 2007, Keeley et al.
2014, Keeley et al. 2019). However, residual effects in
benthic community structure have still been observed
ten years on, although these were not considered to
be functionally significant (Macleod et al. 2014).
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2.2 Sediment contamination

There are additives in feed, primarily metals or
therapeutants, that have the potential to accumulate
in the sediments around the farm. Species that are
sedentary are at greatest risk of higher exposure due
to their limited mobility (Clement et al. 2010) and
juvenile life stages are likely to be the most sensitive
(Macleod & Eriksen 2009).

At toxic concentrations, local species diversity may be
reduced, while for metals, lower concentrations may
be a concern due to the potential for bioaccumulation
by fauna (Macleod & Eriksen 2009). The ecological
risk associated with residues of contaminants in
sediments depends on their bioavailability (potential
to cause biological effect; Macleod & Eriksen 2009).

2.2.1 Metals

Elevated levels of metals have been found in
sediments beneath fish farms, including copper, zinc,
cadmium and iron (Rozi€ et al. 2012, Weitzman et al.
2019, Kalantzi et al. 2021). Of these, copper and zinc
are considered to present the greatest risk to soft
sediment communities (Brooks & Mahnken 2003,
Dean et al. 2007). Their bioavailability is controlled by
sediment geochemistry.

Although bioavailability is generally lower under
anoxic conditions where the highest concentrations
are normally seen, changing geochemistry

in recovering sediments may increase metal
bioavailability (Macleod & Eriksen 2009). Measured
concentrations of metal contaminants in sediments
around fish farms are often found to be below
guideline levels where chronic biological effects may
become apparent (Rozi€ et al. 2012, Bennett & Elvines
2018, Aslam et al. 2020, Fletcher et al. 2024).

While feed contains copper, most sediment inputs
have historically been from copper-based anti-foul
coatings used on farming structures (Macleod &
Eriksen 2009, Burridge et al. 2010). In Tasmania,
elevated copper concentrations have been observed
in farm sediments, with the highest concentrations
typically reported at sites with higher organic
enrichment (Macleod & Eriksen 2009). In some
cases, concentrations have exceeded recommended
guideline levels (Macleod & Eriksen 2009). However,
in 2010 the use of copper-based antifoul coatings on
farm nets was voluntarily phased out in Tasmania,
with a transition to in situ net cleaners for biofouling
management (DPIPWE 2016, Bannister et al. 2019).
The use of copper nets remains common practice

in many other countries where finfish aquaculture

is an industry.

The source of zinc contamination in sediments is
primarily from uneaten feed and faecal material,

so concentrations vary with these inputs (Brooks

& Mahnken 2003, Dean et al. 2007, Clement et

al. 2010). In New Zealand, zinc accumulations

in sediments are considered a concern because
bioavailable? concentrations regularly exceed
protective guideline values beneath a number of
farms at depositional sites (Elvines et al. 2016,
Fletcher et al. 2018, SLR 2023). There is also
occasional and irregular exceedance of these
guidelines at dispersive sites (McGrath et al. 2019,
McGrath et al. 2020). No recent data is available on
zinc sediment levels beneath active Tasmanian fish
farms, but limited historical measurements shows
zinc concentrations can be elevated at active leases,
with some measurements exceeding protective
guidelines (Macleod & Eriksen 2009).

2 Dilute-acid extractable zinc, used a surrogate for bioavailability.
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2.2.2 Therapeutants

Therapeutants include antibiotics and parasiticides,
among other chemicals used to promote fish

health in the farm environment. These are normally
administered via medicated feed, although bathing
and injection can also be used (Leal et al. 2019).
These therapeutants can ultimately be released into
the receiving environment, including contaminating
sediments and biota (Hamoutene et al. 2018, Leal
et al. 2019, Kalantzi et al. 2021, Aquenal 2023).
Antibiotics are the most commonly used therapeutant
in Tasmanian aquaculture, although other types of
therapeutants can be prescribed under veterinary
advice (AVM 2020, DNRET 2023a).

Globally, parasiticides are commonly used to treat
lice infestations (Hamoutene et al. 2018). However,
sea lice parasitism is not a concern for the salmon
industry in Tasmania (Nowak et al. 2011), so this
parasiticide has not been used. Amoebic gill disease
(AGD) is the most prevalent salmonid parasite in
Tasmania, but treatment for this issue is freshwater
bathing rather than therapeutant remedies (Nowak et
al. 2011, Wynne et al. 2020).

The primary concerns regarding antibiotics and
parasiticides are environmental persistence, effects
on non-target organisms and, for antibiotics, the
development of resistance through selective pressure
on microbiota communities (Macleod & Eriksen 2009,
Leal et al. 2019, Da Silva et al. 2022). For example,
oxytetracycline (OTC) is a commonly used antibiotic
in aquaculture and is reported to inhibit growth of
nitrifying bacteria (Leal et al. 2019).

In Macquarie Harbour, antibiotic resistance has been
inferred in bacterioplankton communities in bottom
waters beneath fish farm lease areas (Da Silva et

al. 2022). In general, the highest concentrations

of antibiotics in sediments are found in surface
sediments underneath the cages (Alday et al. 2006,
Aquenal 2023), but residues have been detected
30-100 m from the cages depending on the site
(Capone et al. 1996, Petuna 2022).

The environmental fate and persistence of antibiotics
on the seabed depends on the amount and type
administered, current flow and oxygen levels. As

a guide, Alday et al. (2006) suggests the half-life®
should be around one month for well-managed farms,
but traces have been found in flocculent material at
least two years later at a site in Canada (Hamoutene
et al. 2018). With persistence, there is an increased
risk of antimicrobial resistance (Miranda et al. 2018),
although toxicity also reduces over time (Leal et al.
2019). This is more likely to occur if antibiotics are over
administered (Deng et al. 2025). Some antibiotics are
acutely toxic to aquatic invertebrates (Wollenberger et
al. 2000) and have been found in benthic species at
higher trophic levels (Capone et al. 1996).

Linking sediment therapeutant levels to benthic
effects can be challenging, and although adverse
benthic effects have been inferred in several studies,
it is not clear whether these were direct, or indirect
via biogeochemical or microbiological changes
(Capone et al. 1996, Gray & Herwig 1996).

3 Time required for the concentration or amount of drug to be reduced by one-half.
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Sediment testing for antibiotic residues associated
with applications in Tasmania has shown variable
results. Trace levels of the OTC antibiotic were found
in surficial sediments beneath cages up to 55 and
112 days post-treatment, respectively (Petuna 2022,
Aquenal 2023), while at another farm, sediments
showed no detectable residues following Trimethoprim
use (Aquenal 2022). Both antibiotics were detected
in the flesh of wild fish tested in proximity to the
lease following application, but were absent in all
but one fish captured two to three months later.

AQUACULTURE ENVIRONMENT REVIEW SERIES

While many countries are reducing the use of
antibiotics (Macleod & Eriksen 2009, Champeau
2013, Kalantzi et al. 2021), antibiotic usage and
residues in sediments are common in other countries
(Lake Volta, Ghana; Magna et al. [2024], Bohai Sea,
China; Han et al. [2021]). The use of vaccines in
Tasmania has reduced the need for antibiotics, with
their administration declining significantly since
2006 — 2009 (Figure 8). However, they remain an
important tool for managing fish health and welfare
when dealing with certain bacterial infections.

Figure 8: Administered amount of antibiotics (active medication in kg/year) between

2003 - 2024 in Tasmania
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Source: Management of therapeutants (including antibiotics) | EPA Tasmania.
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Summary of potential interactions between finfish farming
and soft sediments and key management practices to

mitigate these interactions

Potential ecological interactions

The ecological interactions between finfish
aquaculture and soft sediment ecosystems
arise primarily from deposition of uneaten
feed, faecal material and biofouling. The

main concern is organic enrichment of
sediment systems, which can cause significant
modification to physicochemical sediment
conditions and benthic community structure
and function. Sediment contamination can also
occur, mainly from additives in the feed used.

Organic enrichment

Decomposition of farm deposits on the
seafloor can reduce sediment oxygen levels
and increase free sulphide levels, which can
be toxic to organisms.

» Moderate organic enrichment typically
includes reduced total abundances and loss
of species richness, due to displacement
of species sensitive to smothering and
sediment chemistry changes. Community
structure and function begin to favour
deposit feeding opportunists, and mobile
epifaunal scavengers — and deposit feeders
may also be attracted to the enhanced
detrital food supply.

»

»

Under heavily enriched organic conditions,
communities have low species richness and
are dominated by one or several species

of opportunistic deposit feeding worms.
Although highly modified, these are functional
communities which can process organic
matter deposits. The dominant species can
vary according to site type, as does their
capacity for organic matter waste processing.

Excessive organic enrichment occurs

when physical and biological assimilative
mechanisms are overwhelmed, leading to
accumulation of organic material on the
sediments and eventual loss of biological
communities beneath the cages. These
situations are uncommon and can be avoided
with proper environmental management.
Some sites are more resilient to the effects
of organic enrichment than others.

Other effects

»

»

Deposited sediment can also contain
metals (primarily copper and zinc) and
therapeutants (such as antibiotics) from
feed and on-farm applications.

Local accumulation may occur in sediments
(and food webs), and if allowed to accumulate
to high enough levels, may lead to ecological
effects. Accumulations have potential to
persist for years.
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Summary of potential interactions between finfish farming
and soft sediments and key management practices to
mitigate these interactions (continued)

Spatial and temporal scales

»

The response of sediments typically follows
a spatial gradient of effect corresponding

to the level of feed input to the receiving
environment and hydrodynamics, with
effects most pronounced beneath the farm
and becoming less severe with increasing
distance. In Tasmania, more subtle effects of
enrichment have been detected out to 150m
at low flow deposition sites and at 200—
500m at high flow and deeper sites. There is
also the potential for organic enrichment at
the broader scale via far field transport and
deposition of particulate waste, and through
increased organic matter deposition via

the stimulation of primary production from
dissolved nutrients inputs that are dispersed
more widely.

When deposition ceases following
destocking, substantial recovery can occur
within a few months. Sediment chemistry is
the first to improve, and biological recovery
commences within 3—12 months. However,
it can take years for complete functional
recovery of the community. Rates of recovery
depend on the physical and biological
characteristics of the site, and the level

of impact.

Management and mitigation

Management actions to mitigate the effects
of organic enrichment include:

»

»

appropriate site selection during the
planning process

system and/or site-specific limits on farming
via limits on feed inputs or biomass

baseline environmental monitoring before
farming commences

local (lease) and broad scale environmental
monitoring to inform farm management
(e.g. fallowing requirements).

Knowledge gaps

While the response of soft sediments to organic
enrichment are well understood there are some
uncertainties and areas for refinement that

will further improve management. Notably, an
improved understanding of the fate of particulate
wastes at more dispersive and exposed farming
locations, and more validation of benthic health
indices and the application of eDNA techniques
in Tasmania farming environments.
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3 Mitigation and management

of impacts

Mitigation and management of finfish
aquaculture and soft sediment interactions
is largely focused around the management
of organic enrichment onto the seafloor.

As interactions between soft sediments and coastal
finfish aquaculture are generally well understood,
subsequent management and mitigation techniques
are well-established. This section is primarily
Tasmanian focused, with international regulatory
frameworks provided as a point of comparison

(EPA 2022a).

Finfish farming in Tasmania primarily occurs in
coastal areas encompassed by a marine farming
development plan and within a marine farming
lease area (DPIWE 2002, DPIPWE 2018). A marine
farming licence is required to operate within a
lease area, and an environmental licence is also
required to farm finfish. Environmental licences
require ongoing environmental monitoring and
compliance against environmental conditions.

Key mitigation and management aspects include site
selection, limits on feed inputs and performance-
based management which includes limits of
acceptable change to the environment (DNRET
2023a, see 4.2) and environmental monitoring which
feeds back into management actions as necessary
(Wu 1995, EPA 2022a, Fletcher et al. 2022).

3.1 Planning frameworks,
site selection and
production constraints

Site selection and production constraints are set for
the farming area using site-specific environmental
information (e.g. baseline survey data; Thompson et
al. 2005 Crawford et al. 2006) and, where available,
predictive modelling tools (e.g. hydrodynamic,
biogeochemical, particle tracking and emulator
models; Wild-Allen et al. 2005, Wild-Allen 2008,
Bannister et al. 2016, Condie et al. 2017, Morro
etal. 2022, MPI 2023).

Specific considerations for siting and production
decision making include:

1 Site characteristics that determine the dispersion
of dissolved and particulate wastes e.g. depth
and hydrodynamics.

2 Proximity and connectivity to protected or
sensitive/valuable habitats.

3 Characteristics of sediment biological
communities e.g. known capacity to adapt to,
and recover from, organic enrichment, presence
of threatened species.

4 Presence of other organic enrichment sources
(anthropogenic and natural) and the likelihood
of cumulative or synergistic effects.
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During the planning stages of a new farm
development, careful consideration of farm biomass
and feed inputs is made to establish the carrying
capacity of the receiving system for both dissolved
and particulate loadings from finfish aquaculture (Wu
1995, Stigebrandt et al. 2004, Sim-Smith & Forsythe
2013, Hadley et al. 2017, Chary et al. 2021). At the
lease level, finfish production must also be set so

the benthic receiving environment can assimilate
localised deposition (Macleod et al. 2006b, Ross et
al. 2013, Bannister et al. 2014, MPI 2023), which is
assessed through both local understanding of benthic
responses and numerical modelling of feed loadings/
organic waste outputs (Cromey et al. 2002, Broch

et al. 2017, Huon Aquaculture Company 2018).
Predicted deposition rates may also be linked to pre-
defined numerical relationships with benthic response
parameters (Chamberlain & Stucchi 2007, Keeley et
al. 2013a, Elvines et al. 2021a).

With the expansion of finfish farming into more
dynamic areas, predictive models adequate for
assessing deposition in more sheltered locations
have been found to be limited for assessing the
complexities of particle transport/settlement in
more dynamic environments (Cromey et al. 2002,
Fox 2022). In these areas, predicting particle waste
transport must take account of particle resuspension,
as well as high variability in water currents,
bathymetry, seabed roughness and cohesiveness,
along with increased mechanical abrasion (Law et al.
2016, Broch et al. 2017). The extent to which these
factors influence particle resuspension and how
they are best built into particle transport models is
still an active area of research (Adams et al. 2020,
Carvajalino-Fernandez et al. 2020a, Carvajalino-
Fernandez et al. 2020b, Elvines et al. 2021b,

Ross et al. 2021, Hadley et al. 2025).

The associated benthic community response in
dynamic or previously unfarmed areas may also

be more difficult to predict due to site-specific
ecological differences described earlier. Recently,

a lease scale model within a Relocatable Ocean
Coastal Model (RECOM) for predicting depositional
patterns at the more exposed Storm Bay farming
areas has been developed (Hadley et al. 2025). The
model has performed reasonably well against field
measurements and the predictions of NewDEPOMOD,
an updated version of the widely used DEPOMOD
software, has been developed to better account for
spatially variable currents and the challenges of
modelling deposition in more exposed locations.

3.2 Environmental
performance frameworks

3.2.1 Environmental requirements

After farm installation, environmental monitoring
helps to validate model predictions and routinely
check that effects remain within acceptable levels.

In Tasmania, a set of local (lease) scale environmental
conditions are set in the environmental licence
conditions (see page 25). If exceeded, operational/
mitigative or additional monitoring actions need to

be taken by the lease holder (EPA 2022a). Similar
frameworks are used in Norway (Maroni 2000, Hansen
et al. 2001, Holmer et al. 2008), Canada (Backman et
al. 2009, NSDFA 2011, Chang et al. 2014) and New
Zealand (Fletcher et al. 2022). Standards are usually
set for the intensity of the impact, and its spatial extent.

The general intent of management is to not exceed
the assimilative and processing capacity of the
macrofaunal communities (Yokoyama et al. 2007,
Fletcher et al. 2022) and to avoid progressive
deterioration of the seabed with successive grow-
out cycles (Ross et al. 2013, Fisheries and Oceans
Canada 2017, EPA 2022a). Assimilative capacity of
the sediments can be monitored through a range of
indicators, which vary between countries.
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In Tasmania, environmental performance is assessed
through both qualitative indicators that are monitored
to inform the stocking and fallowing of cages, and a
set of more protective qualitative and quantitative
criteria that apply at and beyond 35 m from the

lease boundary. The assessment framework of the
Environmental Standards for Tasmanian Marine
Finfish Farming 2023 (Environmental Standards) is
underpinned by the concept of two management
zones — the Farm Zone* and the Depositional

Zone, as illustrated in Figure 9 (DNRET 2023b).

It is important to note the existing environmental
conditions, indicators and thresholds will be updated
through the development of Technical Standards.

It is becoming increasingly well established that

the response of indicators can vary across different
environments, so the choice of indicators and the
thresholds used need to be locally relevant for
different growing regions and environments (Giles

et al. 2021, Ross et al. 2021, Strain et al. 2023).

As described earlier, Macquarie Harbour provides

a very clear example of this, where the response of
benthic communities, including the key indicator
species, differs from that observed in other growing
areas (Ross et al. 2016). Although environmental
licence conditions have been varied somewhat to
help accommodate this, the Environmental Standards
(DNRET 2023a), and development of its supporting
Technical Standards for Marine Finfish Farming (see
Aquaculture Environment Review Series — General
Introduction) will enhance regulation and management
of the marine finfish farming industry in Tasmania.

Figure 9: Cross section showing management zones of a marine lease in Tasmania,

from DNRET (2023b)

Depositional Zone Boundary

4 Note, the ‘farm zone’ extents to the outer edge of the finfish pens rather than the lease boundary in the new

Environmental Standards.



In Tasmania, there are also broader environment
and ecosystem performance requirements where
the lease/s are situated. Exceedance of these
requirements may result in management actions
being taken by the EPA at the regional level (Ross
et al. 2022).

Environmental requirements for the broader
ecosystem are mostly established for water quality,
while assessment of soft-sediment condition at the
broader (region) scale generally relies on expert
opinion toward temporal changes and ‘unusual’
observations of macrofauna community structure and
sediment chemistry® (Thompson et al. 2008, Aquenal
2021, Ross et al. 2022, Strain et al. 2023).

Performance against these standards are assessed via

the Broadscale Environmental Monitoring Programs
(BEMPs) in place across the most intensive growing
areas, including the D’Entrecasteaux Channel and
the Huon, Macquarie Harbour and Storm Bay.

The ANZECC 2000 sediment quality guidelines
include threshold levels for copper and zinc in

marine sediments, and these are used within

some environmental licences to manage potential
contamination by metals within the lease area

(EPA 2022a). There are no broad environmental
requirements established for residues of
therapeutants in marine sediments as there are for
metals, although acceptable levels may be specified
to the lease holder (EPA 2022a). Residue thresholds
for some therapeutants and metals do exist for some
biota used for human consumption, such as residue
levels in fish flesh, as part of food safety regulation
guidelines (FSANZ 1998), and these are often used to
provide context to monitoring results (Aquenal 2023).

5 As documented in DNRET (2023a), the new Environmental Standards and associated Technical Standards will
provide guidance on the limits of acceptable changes for all key receiving habitats in marine farming regions.
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Example of the existing environmental conditions for leases

in Tasmania

The licence holder must comply with a range
of environmental conditions in carrying out
operations on a lease area which include:

Outside the Lease Area

There must be no significant visual,
physicochemical or biological impacts at or
extending 35 m or more beyond the boundary
of the Lease Area. The following impacts may
be regarded as significant:

Visual impacts:

» Presence of fish feed pellets
»  Presence of bacterial mats (e.g. Beggiatoa spp.)

»  Presence of gas bubbling arising from the
sediment, either with or without disturbance
of the sediment

»  Presence of numerous opportunistic
polychaetes (e.g. Capitella spp., Dorvilleid
spp.) on the sediment surface

» Inthe event that a significant visual impact
is detected at any point 35 m or more from
the lease boundary, the licence holder
may be required to undertake a triggered
environmental survey or other remedial
activity determined by the Director.

Physico-chemical

» Redox — a corrected redox value which differs
significantly from the reference site(s) or is <
0 mV at a depth of 3 cm within a core sample.

» Sulphide — a corrected sulphide level which
differs significantly from the reference site(s)
oris > 250 uM at a depth of 3 cm within a
core sample.

Biological:

» A 20-times increase in the total abundance
of any individual taxonomic family relative to
reference sites

» Anincrease at any compliance site of greater
than 50 times the total Annelid abundance at
reference sites

» Areduction in the number of families by 50
per cent or more relative to reference sites

» Complete absence of fauna

» As natural environmental variation renders
some locations more susceptible to
significant changes in parameter values,
the above thresholds will be considered
in addition to baseline environmental
information for determining the presence/
absence of a significant impact.

Within the Lease Area

There must be no significant visual impacts
within the Lease Area. The following impacts
may be regarded as significant:

Visual impacts:

»  Excessive feed dumping

»  Extensive bacterial mats (e.g. Beggiatoa spp.)
on the sediment surface prior to restocking

»  Spontaneous gas bubbling from the sediment.

Where areas are fallowed due to visual impacts,
the Lease Area must not be restocked until the
sediments have recovered to the satisfaction

of the Director.

25
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3.2.2 Operational practices

Operational practices commonly used to manage soft
sediment effects from marine finfish farming include
fallowing, biomass and dissolved nitrogen output
limits, therapeutant prescriptions, feed management
systems, and biofouling management.

Fallowing

Short-term, regular fallowing (where the site is vacant)
of farm sites is a widely used practice to sustainably
manage seabed organic enrichment in many countries
(Hansen et al. 2001, Chang et al. 2014). Regular
fallowing of a farm lease between production

cycles can allow seabed recovery in the absence of
deposition. In many countries, there is mandatory
regular fallowing between grow-out cycles (Macleod
et al. 20064, Sim-Smith & Forsythe 2013, Broch et al.
2017). Fallowing is also a strategy used to manage
fish health issues, such as parasites and disease
(Chang et al. 2014).

In Tasmania, fallowing is typically performed if
environmental conditions after harvest are not
immediately acceptable for restocking a site, but it
can also occur through the rotation of stock between
cages, or rotation of cages around the lease area. A
fallowing directive can also be given in Tasmania if
environmental conditions are not met (e.g. Crawford
2003, DPIPWE 2017), and is commonly used if the
conditions at or beyond 35 m from the lease do not
meet the environmental requirements (EPA 2022a).
Fallowing directives typically occur for individual
cages (EPA 2022a), although Macquarie Harbour is an
example of where extensive non-compliance led to a
destocking order for an entire lease for a year.

Biomass and dissolved nitrogen output limits
(feed-N input limit)

Farmed biomass and feed caps via the total
permissible dissolved nitrogen output (TPDNO) are
the common management measures used to limit
the scale of marine farming activities across a region.
They are also an important means to control the
staged development of farming in new areas, while
information on environmental impacts (and their
management) is still being developed (Giles et al.
2021). In Norway, biomass limits continue to be used
(Oppedal et al. 2011), but in New Zealand, total feed
input limits (usually annual) are the primary means
of regulating inputs, sometimes in conjunction with
nitrogen-feed limits (CBOI 2013, MDC 2016).

Maximum permissible biomass is a fixed limit on
farmed biomass in the system at any one time, set
for a Marine Farming Development Plan (MFDP)

area and/or a specific area within it. This has been a
common way to regulate the scale of finfish farming
activity in Tasmania in the past, although they are
now superseded by TPDNO across the state. Reduced
biomass in a MFDP area may be ordered in response
to the exceedance of environmental trigger levels.

For example, the maximum allowable biomass in
Macquarie Harbour has been progressively reduced
since 2017, from a peak of over 20,000 tonnes in
2014/15 to a cap of 9,500 tonnes in recent years. This
is to allow for environmental recovery in response

to low levels of dissolved oxygen and a deterioration
in sediment health and non-compliance (Ross et al.
2022). However, while the biomass limit was complied
with, annual feed inputs were still able to increase,

so the input control was changed from biomass to
TPDNO (EPA 2022b).
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TPDNO limits the amount of nitrogen that may be
released via feed inputs (primarily for management
of water column eutrophication) into a defined area
over a specified time (i.e. a 12-month rolling period;
EPA 2022b). The TPDNO is set for specific periods for
a MFDP area (and/or specific area within). At present,
TPDNOs apply to finfish farms in the D’Entrecasteaux
Channel and Huon River regional area, Macquarie
Harbour, the Tamar Estuary, Port Arthur, and most
recently Storm Bay.

One limitation of using TPDNO as an input control is
that it does not directly regulate the inputs on other
feed components, which can vary independent of the
protein and nitrogen content of feed, such as carbon,
potentially an important determinant of the seabed
response. As such, it is important this is considered
when managing the scale of finish farming in an area
using TPDNO.

Therapeutant prescriptions

Therapeutant inputs in Tasmanian aquaculture are
controlled through veterinary prescription, as they are
in other food production sectors (AVM 2020, DNRET
2023a). License holders must also notify the EPA of
medication events (DNRET 2023a).

Feed management systems

The most effective feed delivery systems minimise
overfeeding and maximise uptake by the caged

fish, thereby reducing benthic organic enrichment
(Ackefors & Enell 1994, Backman et al. 2009, Bureau
& Hua 2010, White 2013). In recent years there have
been significant technical advancements in feed
delivery systems.

Biofouling management

Since the phase out of antifoulant treatment of
nets, biofouling growth on nets and other farm
infrastructure has been managed with regular
cleaning using an in-situ pressure-wash or suction
system.

Best practice guidelines for net cleaning in Tasmania
were developed in 2013, outlining general procedures
and considerations for net cleaning regimes
throughout the year (TSGA 2013). These guidelines
encourage cleaning of nets when they are only

lightly fouled or even when not visibly fouled, and
discourages pressure washing on nets with anti-
fouling to prevent dislodging the anti-foul coating.
Depending on the season and cleaning regime at the
farm, net cleaning may be continuously rotated among
cages or may only be undertaken as elicited by visual
inspection, and may change seasonally (TSGA 2013).
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4 Methods for monitoring

Soft sediments are consistently used as
areliable indicator of ecosystem health,
with numerous methods developed to
better understand the relationship between
finfish aquaculture and these habitats.

4.1 Overview of indicators

Methods to monitor the ecological interactions
between finfish aquaculture and soft sediments are
well established in Tasmania and across the globe
(e.g. Macleod & Forbes 2004, Holmer et al. 2008,
Volkman et al. 2009, Rector et al. 2022). As sediment
biogeochemistry and macrofaunal communities
broadly reflect the prevailing environmental conditions,
they provide a basis for monitoring ecological effects
(Ross & Macleod 2013). Biodiversity surveys of the
macrofauna not only provide a direct measurement
of benthic community state, macrofaunal-based
indicators are also the most reliable indicators of
organic enrichment levels (Strain et al. 2023).

However, macrofauna can be laborious to collect
and analyse, so substantial research effort has
been applied to establish reliable relationships
with more accessible indicators to measure overall
benthic health.

These include sediment chemistry indicators (e.g.
sulphide and redox) and visual indicators from seabed
imagery, which can now provide a means for reliably
and rapidly assessing benthic health (Crawford et

al. 2001, Wildish et al. 2001, Macleod et al. 2002,
Macleod & Forbes 2003, Cranford et al. 2017,
Sutherland et al. 2019).

Species-specific indicators and the application of

the global benthic health index AMBI, described on
pages 29-31, have also been developed (Macleod

& Forbes 2004, Ross et al. 2016, Ross et al. 2025).
Comprehensive monitoring surveys will typically
utilise a combination of visual, physicochemical and
biological indicators of seabed health, and may also
include other parameters such as sediment grain size
that help characterise the background environment
to assist with interpreting the results (Table 1; Strain
et al. 2023). Seabed health indicators need to be
selected and validated at the local level to ensure
monitoring methods are targeted to the environmental
responses across a particular site or region (Ross et
al. 2021).
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Application of the AZTI Marine Biotic Index (AMBI) in Tasmania

Many biological indicators and indices have been
developed to characterise anthropogenic effects
on soft sediment habitats, most of which are
based on the foundational work of Pearson and
Rosenberg (1978) who described the community
response to gradients of organic pollution or
disturbance (Keeley et al. 2012a). The AZTI
Marine Biotic Index (AMBI) is one such benthic
quality index that has been widely adopted.
Originally developed by Borja et al. (2000) for
European estuaries and coastal environments,

it has been adapted for local conditions around
the world (Muniz et al. 2005, Callier et al. 2008,
Teixeira et al. 2012).

AMBI is often used to characterise the impacts
of organic enrichment from aquaculture. In one
such case, Keeley et al. (2012a) compared a
suite of benthic indices for assessing impacts
from finfish aquaculture in New Zealand.

They found that AMBI and the closely related
multivariate version M-AMBI were among the
most versatile indices of the 15 investigated.

AMBI indicates the level of impact at a site
based on the weighted proportion of species
(or families) that are known to be tolerant of or
sensitive to disturbed conditions, with the most
tolerant given an ecological grouping (EG) of V
through to I for the most sensitive (see below).

Table 1: AMBI groupings adapted from Grall & Glémarec (1997) with local context
based on the descriptions of Macleod & Forbes (2004).

oo Jowepin

Group I

Species very sensitive to organic enrichment and present in normal conditions.

They include the specialist carnivores, and some deposit feeding polychaetes.
Ampelicsa sp., Apseudes sp., higher numbers of crustaceans.

Group II

Species indifferent to enrichment, always present in low densities with non-

significant variations in time. These include suspension feeders, less selective

carnivores and scavengers.

Group III

Species tolerant of excess organic matter enrichment. These species may occur

in normal conditions but their populations are stimulated by organic enrichment.
These are only some of the surface-deposit-feeding species, for example spionids,
which ingest the superficial film of organic matter deposited at the surface.

Group IV

Second-order opportunistic species. These are the small species with a short life

cycle, adapted to a life in reduced sediment where they can proliferate. They are
the subsurface deposit feeders essentially related to the cirratulids.

Group V

First-order opportunistic species. These are the deposit feeders that proliferate

in sediments reduced up to the surface. Capitella sp., Malacoceros tripartitus,
Nebalia sp. Some nematodes and oligochaetes may also be present.
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Application of the AZTI Marine Biotic Index (AMBI)

in Tasmania (continued)

Since it was first established, the AMBI species
database has increased substantially to include

a wider range of species from around the globe.
However, its application in regions outside of
Europe has required the development of locally
applicable species databases. Ross et al. (2016)
successfully applied AMBI in the unique Macquarie
Harbour on the west coast of Tasmania. However,
until now, it has not been developed and tested
in other regions of Tasmania where benthic
macrofaunal communities are far more diverse.

Ecological groupings (EGs) can be developed for
local AMBI analyses in the absence of sufficient
species coverage in the original database (Muniz

et al. 2005, Keeley et al. 2012a, Keeley et al.
2012b). Typically, this includes a combination

of quantitative analysis and best professional
judgement (BPJ) based on a prior knowledge of
impact levels. Strain et al. (2023) further developed
and tested AMBI based on data collected at

farms in Storm Bay where they allocated species
to different species groupings based on prior
knowledge of impact stages in Tasmania (Macleod
& Forbes 2004, Edgar et al. 2010) and a calibration
exercise using a range of response parameters
(physicochemical, visual and biological) measured
at varying distances from the source of enrichment
at the Trumpeter Bay salmon lease off north Bruny
Island in Storm Bay, over successive surveys.

This approach resulted in a simple classification
of EGs based on family abundances at sites along
an enrichment (impact) gradient.

The efficacy of the new index (AMBI-TAS) was
then tested using the dataset from Yellow Bluff.
The AMBI-TAS classification of sites correlated well
with other response parameters. In the example
below, macrofaunal communities were classified
as heavily disturbed at 0 m, moderately disturbed
at 10 m and generally improved with increasing
distance from the cage (see below). Further
refinement including additional Group I families
will refine the index and reduce the tendency to
score control sites as slightly disturbed.

M-AMBI

Following from AMBI, a multivariate version
(M-AMBI) was developed that incorporates
measures of richness and diversity (Muxika et al.
2007). M-AMBI has proven useful in distinguishing
and characterising extremely impacted sites
where conditions are azoic. For the conditions
encountered in this study we found very good
agreement between both versions and for
simplicity we only present AMBI results.

microgAMBI

The application of the AMBI index was also
extended to environmental DNA (eDNA)
metabarcoding at the Yellow Bluff lease and the
results suggested the eDNA analogue of AMBI,
microgAMBI, based on the bacterial community
(16S rRNA) provides a sensitive measure of
enrichment (Strain et al. 2023).
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AMBI output for a transect from a lease in Storm Bay. The top panel shows the AMBI score at
increasing distances from the cage and the bottom panel shows the relative proportion of each
ecological group that contributed to the score.
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A recent advancement in soft sediment monitoring

is the development and application of environmental
DNA (eDNA) metabarcoding to identify biological
communities based on genetic material extracted
from environmental samples such as sediment or
water. It has also proven highly effective in measuring
the response to organic enrichment from fish farming,
with the potential to overcome some of the limitations
of more traditional techniques (see page 33).

In New Zealand, bacterial eDNA was shown to
accurately reflect organic enrichment levels and
overall benthic health and is now being utilised within
the regulatory framework (Fletcher et al. 2022).
Recent work in Storm Bay provides early promise

for its potential application to monitoring finfish
sediment interactions in Tasmania (Strain et al.

2023, Coutts et al. 2024).
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eDNA for examining fish farm - soft sediment interactions

Metabarcoding of DNA extracted from soft
sediments has been tested globally as a powerful
and cost-effective addition to the monitoring
toolkit for salmon aquaculture environmental
interactions (Rector et al. 2022). Several recent
eDNA metabarcoding projects in the finfish
farming context have developed biotic indices for
environmental impact assessment (Aylagas et al.
2014, Aylagas et al. 2017, Keeley et al. 2018),
cross-validating results with more traditional
macrofauna and physicochemical metrics.

Measured using eDNA metabarcoding, bacterial
assemblages around fish farms in New Zealand’s
Marlborough Sounds were shown to significantly
differentiate organic enrichment gradients
between reference sites, with repeatable and
regionally transferable patterns (Keeley et al.
2018). Used in conjunction with the established
eDNA-based bacterial index, which weights
taxonomic units based on their tolerance to

Finally, biochemical indicators can be useful for
examining organic enrichment of sediments by finfish
aquaculture. Where the biochemical composition (e.g.
fatty acid profile, stable isotope composition) of fish
waste is distinct from other inputs, it can be tracked in
the environment and into connected food webs. This
can allow the footprint of organic waste deposition

to be mapped (Elvines et al. 2024), biological
assimilation pathways to be identified (White et al.
2017, McMullin et al. 2021), and species-specific
interactions to be examined (White et al. 2018,
Woodcock et al. 2018).

Biochemical tracers may also be useful for
determining contributions of finfish aquaculture to
observed environmental changes more broadly within
an ecosystem (Rector et al. 2022, Elvines et al. 2023).

enrichment (Aylagas et al. 2021), results from
this technique were able to assign organic
enrichment impact levels equally as well

as traditional sample indicators of organic
enrichment (macrofauna and physicochemical
indicators; Pochon et al. 2021). The eDNA-based
bacterial index is now accepted and utilised
as an alternative best practice to macrofauna
sampling within soft sediment regulatory
monitoring of the salmon farming industry in
New Zealand (Fletcher et al. 2022).

eDNA metabarcoding has been tested in
Tasmania in Storm Bay to measure both local
scale farm-derived enrichment and broader
scale environmental change in soft sediment
habitats, with results indicating bacterial
communities also provide a sensitive measure of
enrichment (Coutts et al. 2024). The approach
has been recommended for testing more
broadly in Tasmania.

While biochemical tracers have been applied for
several decades, there have been technological
advancements which have increased their accessibility
and flexibility in environmental applications (White et
al. 2019). Moreover, the evolution of finfish aquaculture
feeds to include terrestrial fats and proteins in place
of fish-meals has increased the efficacy of fatty acid
and stable isotope tracers as these indicators more
readily distinguish between marine and terrestrial
carbon sources (White et al. 2019, Elvines et al. 2023).
While biochemical tracers are not routinely used in
monitoring, their application in targeted studies can
facilitate our understanding of sediment interactions
to better inform planning and management.
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Table 2: Overview of indicators for assessing finfish aquaculture interactions with
soft sediments

Ldeaos———Jomanin

Macrofauna

Community structure

Species-specific
indicators

Community measures,
Calculated/biological
indices

Sediment physico-
chemical properties

Sulphides, Reduction-
oxidation potential
(redox)

C &N content, C & N
stable isotope values,
sediment texture

Generalised patterns of change in soft sediment communities are predictable
and respond to specific stages of organic enrichment in soft sediments.

The use of macrobenthic faunal community data is a sensitive and reliable
measure of sediment condition in Tasmania and overseas. To collect sediment
for macrofaunal community analysis, a Van Veen grab sampler is typically
used (Figure 10d). A standardised volume of sediment is sieved to retain
macrofaunal species (>0.5mm or >1.0mm), and animals are identified and
counted. Important indicator species relevant to a given farming site are
identified to the lowest taxonomic level possible.

The most comprehensive descriptor of macrofauna community involves analysis
of all taxa and their abundances, and a multivariate approach which is most
sensitive to detecting spatial and temporal community changes.

The presence/absence and abundances of certain species can be used to indicate
organic enrichment. However, effective enrichment indicators can vary across sites.

Community metrics and calculated indices including total abundance (the
number of individuals), species richness (humber of different taxa) and
species diversity. Shannon-index and AZTI Marine Biotic Index (AMBI) are also
informative measures to indicate community health in response to disturbance
including from organic enrichment (Strain et al. 2023).

Prevailing environmental and sediment condition can be captured using a
range of indicators. A subset of these are also useful indicators to measure
organic enrichment in sediments. These indicators are typically measured
from surficial sediment samples (typically the top 1-3cm), usually collected
via a sediment corer (Figure 10a-c).

Two key methods exist for sampling sediment sulphides — the ISE method (Wildish
et al. 1999) and the UV method (Cranford et al. 2017). The latter has proven to be
a truer measure of free-sulphide concentrations in the sediments (Cranford et al.
2017, Cranford et al. 2020), and the results from both techniques are not directly
comparable. Both are considered acceptable methods for monitoring organic
enrichment. Measuring the redox potential of the sediments provides a broader
measure of the oxidative state of the sediments, providing insight into the oxygen
availability and microbial activity that change in response to organic enrichment.

These parameters add to the interpretation of macrofaunal analysis (Ross et al.
2021) and help distinguish ecological changes due to natural vs anthropogenic
pressures. In Tasmania, 015N isotope values in sediments can be a useful
indicator of enrichment levels (Ross et al. 2021). C and N content are historically
used as indicators of organic enrichment (sediment accumulations of C and N),
but are not the best indicators for this purpose in Tasmania.
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Metals

Therapeutants
(e.g. antibiotics)

Visual indicators

Level of Beggiatoa
cover, sediment colour,

presence of gas bubbles/

outgassing, feed pellets
& faeces, farm debris,
presence/density of
indicator species,
bioturbation, animal
tracks/tubes/casts

A detailed overview of indicators is provided in the field guide by Ross et al. (2025), which provides an update
to Macleod & Forbes (2004) based on contemporary research. Readers are referred to these documents for

more detailed information.

Metals are part of natural sediment geochemistry and can be useful indicators
adding to interpretation of temporal and spatial ecological changes. Copper and
zinc are directly measured from sediments to investigate total sediment burdens
and potential contamination from aquaculture. More in-depth analysis may be
triggered depending on the test outcome. Other metals may also be included in
monitoring, such as arsenic, cadmium, cobalt, chromium, manganese, nickel and

lead (Aquenal 2019).

Measured as applicable in response to on-farm use. Directly measured from
surficial sediments, collected from core samples up to 75mm deep (Macleod &
Eriksen 2009, Aquenal 2022).

Seabed images collected via still or video capture are a means of rapidly
assessing seabed condition, providing supplementary information for more

comprehensive surveys.

Specific and predictable patterns of change in visual appearance of the sediment

have been identified for Macquarie Harbour and the southeast of Tasmania
in response to increasing stages of organic enrichment and recovery. Similar
indicators have been developed and used globally (Hamoutene et al. 2014,
Sutherland et al. 2019, Simone & Grant 2020).
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Figure 10: Sampling equipment commonly used to collect sediment samples

a) Craib corer b) Multicorer

v

Adapted from Ross et al. (2025)
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4.2 Monitoring desigh

Monitoring is typically used to capture finfish
aquaculture interactions at two spatial scales —

the lease (local) scale (Section 4.2.1) to monitor
for the direct effects from particulate enrichment
and the broadscale (Section 4.2.2) to monitor for
environmental change and the potential for indirect
effects at the broad (region) scale.

A sampling program that can account for background
spatial and temporal variability and establish
reference conditions is imperative when trying to
monitor and measure the potential effects of finfish
aquaculture on soft sediment habitats. Reference
conditions for assessing the effects of individual
leases (i.e. local scale) are captured during pre-
farming baseline surveys and at reference or control
site monitoring during active farming. Importantly, this
will not only capture pre-farming conditions but also
capture changes over time in response to external
(non-aquaculture related) drivers, both natural

and anthropogenic. Similarly, broadscale surveys
conducted prior to active farming across the region
are critical to assess the potential for indirect effects
of aquaculture in the context of natural variability.

In Tasmania, baseline surveys are typically a
requirement before marine farming activities
commence and/or when there is a variation to a lease
area (EPA 2022a). Once farming commences, the
environmental licences require lease scale monitoring
at compliance and control sites and broadscale
monitoring® of sites encompassing the region.

Targeted monitoring/research may also be required

in response to specific environmental concerns

or information gaps. Technical Standards? for soft
sediment monitoring are presently in development and
these standards, which sit under the Environmental
Standards (DNRET 2023a), will build on the existing
regulatory requirements described in the following
sections (DNRET 2023b).

4.2.1 Localscale
Organic enrichment

Local lease-specific monitoring usually focuses on
quantifying the maximum impact at or under the
pen, and the spatial extent of organic enrichment. In
Tasmania, Macleod and Forbes (2004) characterised
the sediment response to organic enrichment from
farming into nine different stages of effect and/or
recovery (Figure 11). Expected values/characteristics
for each stage within farming areas in Tasmania are
presently being updated (Ross et al. 2025).

While monitoring results are not formally assessed
against these stages within the existing management
framework, the nine-stage characterisation of impacts
is an informative and structured context against

which impacts can be assessed using a large range

of monitoring indicators.

6 Typically a joint requirement of all marine farms operating in the region.

7 Technical Standards are being developed by the Environment Protection Authority to support the new
Environmental Standard. The first Technical Standard, which is currently at consultation stage, pertains to soft
sediment video survey methods (EPA 2024). Other Technical Standards are being developed for quantitative
sediment surveys, other seabed habitats, baseline surveys and broadscale surveys: https://epa.tas.gov.au/
business-industry/regulation/salmon-aquaculture/technical-standards-for-marine-finfish-farms.



https://epa.tas.gov.au/business-industry/regulation/salmon-aquaculture/technical-standards-for-marine-finfish-farms
https://epa.tas.gov.au/business-industry/regulation/salmon-aquaculture/technical-standards-for-marine-finfish-farms
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Lease-scale monitoring is undertaken routinely

in Tasmania as part of the conditions of an
environmental licence. Overseas, monitoring

is designed to target the time when feed input/
deposition, and therefore impact, is the highest (EPA
20224, Fletcher et al. 2022). In Tasmania, the timing
of compliance monitoring in relation to intensity

of impact has historically not been specified in the
regulatory framework, but the environmental licences
now typically require the surveys to be undertaken
within 30 days of peak production.

Licence holders are required to assess for visual
indicators (see page 25) using video survey methods
which provide an accessible and rapid means for
seabed assessment (see pages 19-20). Monitoring
of compliance sites situated 35 m from the boundary
of the lease area and at control site(s) against a more
protective set of visual indicators is also required

(Woods et al. 2004, DPIPWE 2017, Strain et al. 2020).

The default monitoring in Tasmania is a visual

survey, which is conducted using ROVs or a frame-
mounted downward-facing camera. A minimum of
three minutes of footage is collected at each site

and assessed against the environmental standards

in the licence (see page 25). More detailed sediment
sampling using quantitative indicators is also required
(infauna, sulphides, redox, particle grain size, C & N
stable isotopes) in baseline surveys of the lease area
(Aquenal 2019, EPA 2022a) and for new leases it may
be required during the first few years of production
(see Strain et al. 2023).

More detailed sediment surveys may also be triggered
if environmental conditions are not met. With the
exception of some new leases, detailed sediment
surveys are infrequent given other management
responses are typically employed. These include
fallowing the cage until sediment conditions have
improved (assessed through visual surveys) so it can
be restocked, or more regular or more detailed (e.g.
increased spatial resolution) visual monitoring as
required (EPA 2022a).

More targeted lease-scale monitoring may also

be performed under collaborative research

funding agreements. For example, the Storm Bay
Observing System FRDC project (Strain et al. 2023)
was implemented to assess the environmental
performance of the industry at the lease and broad
(region) scale and to make recommendations on

the further refinement of the regulatory monitoring
requirements at both lease and broadscales, based on
the findings of the detailed sampling program enabled
through the research project.

Similarly, in response to changes in farming practices,
innovations in technology, and expansion of the
industry into new areas, FRDC project 2015/024 —
Managing ecosystem interactions across differing
environments: building flexibility and risk assurance
into environmental management strategies (Ross et
al. 2021) included extensive sampling of leases in
Storm Bay and the southern D’Entrecasteaux Channel
in the southeast and Macquarie Harbour on the west
coast of Tasmania. This was conducted to ensure that
current approaches to monitoring and assessment

of soft sediment habitats remain fit for purpose in
different growing regions.

Metals

Sediment contamination is usually measured in the first
instance by directly testing the total level of the metal
within the sediment. If levels indicate the potential

for ecological effects, then additional action is taken,
which could entail more in-depth sample analysis

and further monitoring or targeted investigations,

such as to infer bioavailability in sediments (Macleod
& Eriksen 2009, Fletcher et al. 2022). For example,
specific investigations into environmental impacts from
copper-based antifouling has included mass-balance
calculations to inform the likely fate of zinc and copper
from anti-foul coatings, bioavailability assessments of
copper in sediments, and uptake of copper by oysters
(Macleod & Eriksen 2009).
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Figure 11: Stages of degradation and recovery of seafloor communities in response to
organic enrichment associated with finfish aquaculture
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Adapted from Macleod and Forbes (2004)

Therapeutants

If antibiotics or therapeutants are prescribed and
administered on-site then the sediments below
treatment cages, both inside and outside the lease
area, are tested for residues and persistence. Residue
in biota may also be tested. Sampling is typically done
before, during and after treatment, or as prescribed
by the EPA Director under the relevant environmental
licence (Macleod & Eriksen 2009, Aquenal 2022,
Aquenal 2023).

4.2.2 Broadscale

Broadscale Environmental Monitoring Programs
(BEMPs) in Tasmania were developed based on
research examining the potential for cumulative
effects from multiple farms in a region (see Thompson
et al. 2008, Ross & MaclLeod 2013, Aquenal 2021,
IMAS 2022, Strain et al. 2023). BEMPs have been
implemented since 2009 for several growing regions
and are a condition of the environmental licences

for farms in the respective regions (EPA 2022a).

Unimpacted No evidence of farm impact

Minor effects Slight infaunal and community change observed
Moderate effects  Clear change in infauna and chemistry
Major effects (1) Major change in infauna and chemistry
Major effects (2) Bacterial mats evident, outgassing on disturbance
Severe effects Anoxic/abiotic, spontaneous outgassing

Major effects Monospecific fauna, major chemistry still

clearly effected
Moderate effects ~ Fauna recovering, chemistry still clearly effected

Minor effects Largely recovered, although slight faunal/

chemical effects still apparent

The BEMPs were originally centred on monitoring
water column and soft sediment conditions, but in the
past 5-10 years have been extended to include other
receiving habitats, notably inshore and deep reefs
and seagrass. The soft sediment component of the
BEMPs typically require annual surveys at sampling
sites spread across the region, with detailed sediment
sampling to include benthic infauna communities and
the full suite of physicochemical parameters — redox,
sulphide, organic content, C and N content, stable
isotopes, and particle size analysis (IMAS 2022).

Biogeochemical model predictions and alignment with
sites and sediment information from previous studies
are used to help inform site locations. The importance
of good baseline information cannot be overstated,
particularly in more exposed farming regions where
there is greater potential for more widespread
dispersion and deposition of farm derived particulate
matter, either directly via feed, faeces and biofouling
during cleaning or indirectly via organic matter
produced from the assimilation of dissolved wastes.
The absence of baseline information has the

capacity to confound the interpretation of change

in reference conditions (Keeley et al. 2019).
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5 Summary

Deposition in the form of faecal material
and uneaten feed is the major interaction
pathway between finfish aquaculture and
soft sediment habitats.

In summary:

»  Deposition from finfish aquaculture through
sedimentation of uneaten fed and faecal
material leads to localised organic enrichment
in soft sediment habitats, as well as potential
contamination by metals and therapeutants.

»  The benthic response to organic enrichment from
fish farms follows a predictable succession of
changes which has been well established in the
literature — and typically there are highly modified
benthic communities beneath the farm comprising
high total abundances dominated by opportunistic
deposit-feeding worms.

»  Targeted research has revealed that within the
generalised benthic response model, specific
indicators of organic enrichment can vary
according to local environmental differences
including the amount of water movement
and mixing in sheltered vs exposed locations,
and functional adaptations of the biological
communities present. These factors also influence
the assimilative capacity of the soft sediment
habitat, and how it recovers from organic
enrichment after farming.

More dispersive environments generally have

a higher overall assimilative capacity for
deposition due to stronger physical dispersal and
reoxygenation, but in some areas the associated
biological communities can be poorly adapted to
deal with high organic loads.

Community effects generally diminish within
150-500 metres from farms in Tasmania,
depending on how dispersive the site is.
Overseas studies have reported deposition
into soft sediment habitats at greater distances
than these in more dispersive locations.

Careful consideration of farm siting and

control of farm outputs that are appropriate

to environmental carrying capacity are crucial
initial steps to manage the severity of local-scale
enrichment and reduce the risk of broader-
scale enrichment. Tasmania’s performance-
based management framework that employs
environmental monitoring and intervention
responses based on these data is key to

ongoing management.

Targeted research into site-specific benthic
response patterns has been important for
developing and refining performance-based
management in Tasmania.

The implementation of broadscale monitoring
is crucial for detecting potential system-wide
cumulative effects, including on soft sediment
habitats, and this regional-scale context has
become increasingly important as finfish
farming has continued to develop and expand
in existing farming areas, and as farming
expands into new locations.



ECOLOGICAL EFFECTS OF FINFISH AQUACULTURE ON SOFT SEDIMENTS

6 Glossary and acronyms

AMBI

AZTI Marine Biotic Index. A biotic index of soft
sediment health used to characterise the impacts of
organic enrichment from aquaculture.

Benthic

The sediment surface and sub-surface layers at the
bottom of the water body.

Biofouling

Unwanted organisms living on structures (usually
man-made) in the water, e.g. algae and animals that
settle on and colonise fish farm structures.

Biofouling debris

Debris from biofouling encompassing all types of
organic/inorganic material originating from biofouling
associated with finfish farm aquaculture.

BEMP

Broadscale Environmental Monitoring Program. A
monitoring program within Tasmania to understand
potential aquaculture effects within a larger spatial
context, administered by the EPA.

Deposition

In the context of this review, organic material which
settles through the water column. From fish farms,
this includes uneaten feed pellets, faeces, and
material generated from biological communities
attached to the farm structures (e.g. from net-wash).

EG

Ecological groupings.

Environmental Licence

These licences to operate salmon farms in Tasmania
are issued by the Environment Protection Authority
under the Environmental Management and Pollution
Control Act 1994. Environmental licences require
compliance with the conditions of the licence.

EPA

Environment Protection Authority. Tasmania’s
principal environmental regulatory body.

Epifauna

Animals living on the surface of seabed sediments.

41
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Hydrodynamics Net-wash

Movement of fluids (in this context, seawater) Material dislodged from the farm nets during cleaning.
within a system as affected by natural forces.

Therapeutant

Infauna : o . ,
A chemical, antibiotic, hormone, pigment, antifoulant,

Animals living within the sediment matrix. disinfectant, cleanser or other substance used to treat
or prevent conditions related to animal health.

Lease area
) TPDNO
An area of water contractually allocated to a marine
farming operator by the Tasmanian government. Total Permissible Dissolved Nitrogen Output. This is a
regulatory metric which limits the amount of dissolved
Macrofauna inorganic nitrogen that can be released via feed inputs

into a defined area over a specified time. It is based on
estimated dissolved nitrogen released through waste
than 0.5-1mm. outputs from farmed fish (EPA 2022b).

Animals above a certain size, usually those greater

MFDP

Marine Farming Development Plan. This plan is
designed to integrate aquaculture activities with

other marine and land uses while minimising impacts.
It formally sets out areas of state waters the plan
encompasses, marine farming zones within the plan,
maximum leasable area within each zone, the types of
species, and how farming is managed within each zone.
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