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1 Introduction

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

The Department of Natural Resources

and Environment Tasmania (DNRE 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. 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 shallow temperate
reef ecosystems and finfish aquaculture.

In temperate coastal waters, rocky reef ecosystems
are a foundation for a wide range of ecological,
recreational and commercial services of local and
global importance. Typically, rocky reef ecosystems
are highly productive and support significant levels
of biodiversity and endemic species (Campbell et al.
2014, Smale et al. 2016, Coleman & Wernberg 2017,
Teagle et al. 2017).

In shallow coastal waters where environmental
conditions allow, rocky reef habitats will be dominated
by macroalgae (seaweeds; Wernberg et al. 2009).
These macroalgal communities dominate the hard-
substrate, provide multi-dimensional habitat for fish
and invertebrate species and are critical for healthy
functioning of temperate reef ecosystems (Stuart-
Smith et al. 2008, Nichol et al. 2009, Krumhansl! et
al. 2016, Teagle et al. 2017). Reef habitats occur at
all depth-strata, but for this review, the shallow water
reef communities found in nearshore coastal zones
are the focus.

Temperate reefs are generally dominated by one

or two canopy-forming species of macroalgae,

most typically kelps. Canopy-forming macroalgae
creates an environment that functions like terrestrial
forests, so are often referred to as ‘kelp forests’.

A wide array of sub-canopy and substrate species

are found beneath the canopy, including algae and
sessile invertebrates. The species composition of reef
communities are often determined by the dominant
canopy-forming species, along with environmental
factors such as light attenuation, sedimentation, wave
exposure and abrasion by kelp (Gorman et al. 2013,
Smale 2013, Teagle et al. 2017).
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A range of epiphytic and ephemeral algal species

are also observed within the reef community. These
species respond to ambient environmental conditions,
growing rapidly when nutrients and light are both in
high abundance (Steneck et al. 2002, Wernberg &
Goldberg 2008, Smale et al. 2020). Both macroalgae
and sessile invertebrate communities provide a
source of food and shelter to a wide range of fish

and invertebrate species.

As most human activity is concentrated in the inshore
coastal zone, macroalgae-dominated temperate
reefs are often exposed to significant anthropogenic
pressure (Vitousek et al. 1997, Halpern et al. 2008,
Crain et al. 2009). Anthropogenic pressures, such as
increased urbanisation, coastal industry, catchment
activities and finfish aquaculture may interact with
these habitats directly, while global environmental
stressors such as climate change may indirectly put
pressure on these ecosystems (Ross et al. 2021).
Indirect and direct pressures can also work together
to cause greater effects than either in isolation
(Steneck et al. 2002, Wernberg et al. 2011, Strain
etal.2014).

In Tasmania, there has been growing concern
around the ecological effects that finfish
aquaculture may have in the coastal environment.
Finfish farming (feed-added aquaculture) has the
potential to interact with temperate reefs through
the release of nutrients and organic material into
the environment. This occurs via the discharge of
waste products such as urea, ammonium, uneaten
fish feed and fish faeces (Strain & Hargrave 2005).

The purpose of this review is to explore and establish
the current state of knowledge of interactions
between temperate reef ecosystems and finfish
aquaculture, both globally and locally. For this
review, the focus will be on coastal reef communities
dominated by macroalgae. The term ‘nutrient
enrichment’ will be used generically to cover all the
pathways and processes relating to the increase of
nutrients and organic material in the water column
associated with an anthropogenic nutrient source.
Information provided by studies relating to nutrient
enrichment caused by general anthropogenic
pressures, along with those specifically addressing
finfish farming activities, are examined. Methods used
to monitor ecological effects, along with mitigation
and management strategies are also discussed.
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Figure 1: Examples of dominant canopy-forming macroalgae on rocky reefs in Tasmania

a) Ecklonia radiata

b) Macrocystis pyrifera d) Durvillaea potatorum
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2 Effects on temperate

rocky reefs

Finfish aquaculture can interact with
shallow reef ecosystems through numerous
pathways. The current state of knowledge
of these interactions, along with associated
environmental effects are discussed in

this section.

Nutrient enrichment of temperate reef ecosystems
can occur directly through either dissolved or
particulate inputs, or indirectly through changes to the
productivity of marine food webs. These ecosystem
processes are seldom independent and will trigger a
range of different ecosystem responses (Figure 2).

Increases in dissolved nutrients like nitrogen tend
to boost productivity at the base of the food web.
Increases in particulate loads onto reef ecosystems
can also influence primary productivity, potentially
shading algae and smothering encrusting flora and
fauna (Krause-Jensen et al. 2008, 2009).

Dissolved and particulate enrichment pathways are
not independent, as elevated dissolved nutrients
can contribute to increased sedimentation of organic
material by boosting water column productivity via
increased phytoplankton growth (Irving & Connell
2002, Strain & Hargrave 2005, Balata et al. 2015).
This can in turn influence light penetration with
negative feedback to the primary productivity of reef
ecosystems (Diehl 2002, Guinder et al. 2009).

Consequently, both dissolved and particulate inputs
have the capacity to drive community change on
temperate rocky reefs, albeit through different but
interlinked pathways. Particulate enrichment sources
can also increase food resources to opportunistic
invertebrates and fish, potentially causing top-down
effects (Dempster et al. 2009, White et al. 2018).

5
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Figure 2: Summary of the interaction pathways of organic pollution on rocky reefs

(from Ross et al. 2021)

ECOSYSTEM PROCESS
Organic pollution source

b g Direct uptake of

nutrients by marine
% x &pl'ymplankton
e
& Direct
sedimentation
of solid pollution Direct uptake
onto reef ecosystem of nutrients by
Indirect ""’og,m“"'f
sedimentation = = '
from enhanced “
water column
e ' NH;: 1 NO, T PO
productivity . .

H

A

J*‘!OO

ECOSYSTEM RESPONSE

ZONE OF ACTIVE
MANAGEMENT

Biomass

Species richness
a) Benthic fauna

Y

b) Epiphyte loading

RESPONSE
Y

Biomass
¢) Epifauna/grazers

Y

ai—+——Phase-shift point
in ecosystem

Biomass

d) Kelp/canopy formers

ORGANIC ENRICHMENT

The process pane (left) outlines the direct and indirect pathways of organic enrichment of temperate reef ecosystems.
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the standard Pearson and Rosenberg (1978) model for organic enrichment for benthic infauna; and b—d) representing
the hypothetical response of different functional groups in a three-dimensional/multi-trophic temperate reef system.

While conceptually the process of nutrient enrichment
onto rocky reefs is well understood, establishing
direct links between finfish farming activities and

reef community response is difficult, particularly over
broader spatial scales (Roberts et al. 2014, Oh et al.
2015, Valentine et al. 2016, Fowles et al. 2018a, Fowles
et al. 2018b, Fowles et al. 2018c, Haugland 2019).

This is largely due to a range of anthropogenic and
natural factors, which often contribute to the nutrient
status of coastal waters and catchments where finfish
aquaculture is active. Therefore, methods to attribute
causal mechanisms remains an area of active research
in locations where this interaction is likely to occur.
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2.1 Effects on primary productivity

Bottom-up effects of nutrient enrichment can be
defined as the stimulation of productivity at the base
of the food chain (i.e. in the primary producers) with
flow-on effects throughout the rest of the ecosystem.
Of all the interactions between temperate rocky
reefs and nutrient enrichment, bottom-up effects on
the macroalgae communities are the most widely
reported and understood.

Changes to the natural balance of dissolved nutrients
within the environment have the potential to directly
affect the growth of algae on rocky reefs (Fowles et
al. 2018a, Fowles et al. 2018b, Fowles et al. 2018c,
Haugland 2019). A significant body of research has
now gone into characterising the bottom-up response
of rocky reefs to nutrient enrichment and subsequent
alterations to the algal communities (Ross et al.
2021; page 12; Table 1). In this section, interactions
between finfish aquaculture and reef systems are
discussed broadly, acknowledging that the location
and magnitude of any effect will be scenario-specific.

Nutrient enrichment associated with urbanisation has

been linked to regional-scale losses of canopy-forming
perennial brown macroalgae, and its replacement with
fast growing turfing or filamentous species (Benedetti-

Cecchi 2001, Eriksson et al. 2002, Connell et al. 2008).

This shift from canopy-dominated to turf-dominated
reefs will often be initiated after an acute disturbance,
such as a storm event, which removes large patches
of the canopy-forming algae. The enhanced nutrient
conditions will then support persistent growth of
opportunistic algae, which inhibits regrowth of the
canopy-forming species (Gorgula & Connell 2004,
Connell et al. 2008, Alestra & Schiel 2015). In the
absence of disturbance, forests of macroalgae

have been shown to be quite resilient to nutrient
enrichment. For example, in southern Tasmania
where salmon farms operate at a high density, Oh et
al. (2015) observed consistent nutrient-associated
increases in epiphytic and ephemeral algae, but the
foundation species that formed macroalgal canopies
were largely unaffected by the presence of the farms.

Reef ecosystems are known to be efficient at
assimilating excess dissolved nutrients by increasing
productivity at the base of the food web. Certain
species are biologically adapted to utilise pulses of
nutrients and increases in productivity are mostly
seen in these opportunistic species (Oh et al. 2015,
Haugland et al. 2021). Specifically, indications of early
stage nutrient enrichment include increased biomass
of opportunistic macroalgae like Undaria spp. (Carnell
& Keough 2014), Ulva spp. (Fowles et al. 2018b),
turfing species (Connell et al. 2008, Falkenberg et al.
2012), epiphytic species (Oh et al. 2015, Haugland
2019) and filamentous green algae (Connell et al.
2008, Oh et al. 2015, Fowles et al. 2018a, Haugland
2019; Figure 3, Appendix A). However, there is little
understanding presently around nutrient thresholds
where tipping points in ecosystem function can be
expected (Bokn et al. 2003).

Early indicators of nutrient enrichment will not
necessarily impact the structure or function of the
macroalgal canopy. However, where elevated nutrient
concentrations are prolonged, a sustained increase in
the biomass of opportunistic species can destabilise
canopy-forming macroalgae through smothering,
shading and restriction of water movement. This will
leave the canopy vulnerable to the effects of other
environmental stressors, including storm damage,
grazing by range-extending or introduced species, and
climate change. While canopy loss may occur gradually
over time under enriched conditions, these same
factors may also cause sudden loss of macroalgal
canopy (Connell et al. 2008, Johnson et al. 2011).

The widespread loss of canopy-forming species caused
by nutrient enrichment can result in a long-term shift
to ecosystems dominated by turfing algal species, with
subsequent changes to total biomass, benthic fauna
diversity, epifauna and grazing species, and ecosystem
services (Connell et al. 2008, Smale et al. 2013,
Wernberg et al. 2013, Teagle et al. 2017; Figure 2).
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As nutrient enrichment within the water column
preferentially supports the recolonization of available
substrate by fast growing species, opportunistic
algal cover takes the place of juvenile canopy-
forming species (Falkenberg et al. 2012). For some
canopy-forming species (e.g. Ecklonia radiata),
re-establishment is thought to be further inhibited by
the absence of adult plants, which results in the loss
of suitable recruitment environments for juveniles
(Layton et al. 2019).

Increases in sedimentation associated with nutrient
enrichment will also shape recovery dynamics, as
opportunistic turfing species enhance sediment
retention, inhibiting recovery to the more complex
ecosystem dominated by canopy-forming macroalgae
(Airoldi et al. 1995, Connell et al. 2008, Bulleri et al.
2010, Balata et al. 2015, Bulleri et al. 2018). As such,
the loss of canopy-forming species can have long-
term effects, with natural regeneration to original
canopy-dominated ecosystems being unlikely or very
slow, spanning years or decades (Campbell et al.
2014), particularly in the face of sustained nutrient
enrichment or other environmental stressors.

Figure 3: Examples of algae that indicate nutrient enrichment via bottom-up effects

a) filamentous algae

b) epiphytic algae

c) Chaetomorpha billardieri d) Ulva sp.

e) Asparagopsis armata
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2.2 Effects on secondary productivity

Nutrient enrichment can stimulate productivity at
higher trophic levels in the food web (i.e. secondary
consumers or scavengers) with flow on effects to
primary producers and lower-order consumers. In
aquaculture, this can occur through the presence of
deposited organic material from finfish farms (uneaten
feed, faeces, and biofouling drop-off) directly under
the cage which provides a food source to marine
organisms (Woodcock et al. 2018). This has the
potential to attract aggregations of scavengers to the
area (Fernandez-Jover et al. 2011, Sanz-Lazaro et al.
2011, White et al. 2017, White et al. 2018).

As there are no farms presently sited over hard
substrate in Tasmania, the risk of these interactions
is low, but studies overseas have demonstrated the
potential for interactions at greater distances from
finfish aquaculture leases than directly underneath
cages. For example, in Norway the influence of fish
farm waste as a food source has been identified up
to 1 km from farms in brittle stars and crabs on hard
or mixed substrate, with more localised effects on
urchins (Woodcock et al. 2018).

In several Norwegian fjords, urchins (Gracilechinus
acutus) have been found to aggregate on hard
substrate within 400 metres of aquaculture sites
—and the top-down effects are demonstrated in
localised urchin barrens forming, where urchins graze
on both aquaculture waste and natural food sources
(White et al. 2018).

Enhanced top-down grazing due to aggregations
of scavengers, particularly of omnivorous species,
may alleviate some effects of nutrient enrichment
by consuming the increased biomass of epiphytes
(Haugland et al. 2019). While large populations of
opportunistic scavengers may lead to problems on
a local scale, in lower densities they can be highly
efficient at mitigating effects from aquaculture
nutrient outputs. This can occur both directly through
consumption of aquaculture organic waste, and
indirectly through consumption of blooms of
epiphytic or filamentous algae caused by excess
nitrogen (Figure 4).

Figure 4: Aggregations of sea urchins and sea stars on reef habitat
adjacent to salmon farms in Norway (White et al. 2018)
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Farms can also provide extensive artificial substrate
that is available for colonisation of biofouling species
onto neighbouring naturally occurring hard-substrate
environments, including reefs (Fitridge et al. 2012,
Mineur et al. 2012, Simkanin et al. 2012, Bloecher

et al. 2015). The spread of unwanted species to
healthy reef ecosystems is thought to be relatively
low risk, as the biofouling species are at a competitive
disadvantage on natural substrates due to lack of free
space (Tyrrell & Byers 2007, Simkanin et al. 2012).

The risk of interactions is likely to increase when
rocky reef communities are already affected by
other environmental stressors (Mack et al. 2000).

In Tasmania, increased incidence of unwanted
sessile species on hard substrate has been observed
in association with anthropogenic point sources of
pollution such as marinas and sewage outfalls but
has not been directly linked to enrichment from
finfish aquaculture (Fowles et al. 2018b).

Globally, there have been fewer studies on top-down
interactions compared to bottom-up interactions
between finfish aquaculture and temperate rocky
reefs. Where top-down effects do occur, they manifest
due to a set of distinct circumstances that tend to be
highly site-specific, whereas bottom-up interactions
through stimulated productivity at the base of the
food web is generally evident to varying extents

in all receiving environments.

2.3 Factors affecting
scale and magnitude
of interactions

Proximity to the source of nutrient enrichment and the
level of nutrient enrichment are the primary factors in
determining the magnitude of local scale interactions
between aquaculture and temperate reefs. For
example, in Canada where farms are sited over hard
substrate, effects under the cage and up to 10 m
distant are particularly profound, with hard substrate
covered by flocculent matter, Beggiatoa-like mats
and opportunistic polychaete species (Hamoutene

et al. 2016). Increases in farm nutrient outputs will
increase these acute effects.

In Tasmania, there are presently no finfish
aquaculture operations situated directly over

hard substrate, so the acute impacts of excess
sedimentation and subsequent smothering

are unlikely to be observed on Tasmanian reef
environments. Near-field impacts are more likely
to be detected on fringing reefs between the farm
and the coast, and manifest as bottom-up impacts
from nutrient exposure in algal communities (Oh et
al. 2015). In southern Tasmania, Oh et al. (2015)
identified the effects of nutrient enrichment from
finfish farms on rocky reefs up to 1 km from active
farms, with the most pronounced effects at 200 m.
These effects were mainly evident in the increase in
epiphytic and filamentous algae (Oh et al. 2015).
More recently, White et al. (2022) documented a
similar influence of nutrient enrichment from the
salmon lease in Port Arthur, southern Tasmania,

on the adjacent reef ecosystem, with the most
pronounced effects out to the 100 m sites. Low to
moderate effects of nutrient enrichment were evident
at the 400 and 1000 m sites in the form of elevated
abundances of epiphytic and filamentous algae,
along with altered nitrogen isotope ratios.
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However, the influence of wave exposure and other
nutrient inputs at these greater distances from the
lease made attribution of ecological change to salmon
farming alone difficult (White et al. 2022).

The mode of delivery of nutrients into the system will
also affect the magnitude of interactions on both near
and intermediate spatial scales and across various
temporal scales. Coastal ecosystems are adapted to
assimilate pulses of additional nutrients associated
with natural environmental phenomena, such as the
spring bloom or high rainfall and runoff events (Worm
& Sommer 2000, Yang et al. 2008). In this scenario,
opportunistic species such as ephemeral algae

will likely experience a large pulse of productivity,
resulting in short-term increases in biomass, then
subsiding again as the nutrient stimulation decreases
(Worm & Sommer 2000, McSkimming et al. 2015).
However, if the nutrient input is sustained as is

often the case with anthropogenic inputs, then the
magnitude of the response is likely to be greater and
to persist for as long as the exposure to the elevated
nutrients occurs (Gillanders & Kingsford 2002).

Interactions between rocky reef communities and
nutrient enrichment will vary depending on the
prevailing environmental conditions of the receiving
environment and the species present within these
communities (Airoldi 2003, Gorgula & Connell 2004,
Balata et al. 2007, Russell & Connell 2007, Krause-
Jensen et al. 2008, Alestra & Schiel 2015, Dunmore et
al. 2015, Oh et al. 2015, Muth et al. 2017). Localised
hydrodynamics will play a large role in how reef
systems will interact with nearby finfish aquaculture
sites (Ross et al. 2021). Where there is high water
movement, the magnitude of effects from nutrient
enrichment on temperate reefs is likely to be less acute
due to greater dilution, but effects may be observed

at a much greater distance from the source or be
altered in the way they manifest (Keeley et al. 2019).

In Tasmania, the species assemblage of opportunistic
algae may be different depending on wave and wind
exposure (Oh et al. 2015) and hence local knowledge
is important in assessing any potential interaction.

Existing ambient nutrient concentrations can also
affect the way finfish farming interacts with rocky
reefs. High anthropogenic inputs into nutrient-poor
(oligotrophic) systems are likely to have the most
extreme results (Russell et al. 2005, Connell & Irving
2008, Gorman et al. 2009). For example, Gorman

et al. (2009) found the distribution and extent of
turfing algae on South Australian coasts was largely
dependent on the inherent nutrient availability, with
the most severe effects recorded where the difference
between nutrient input and existing nutrient
concentrations was the greatest.

Finally, the scale and magnitude of interactions
between rocky reefs and finfish farming is likely

to be affected by cumulative impacts. In coastal
waters, it is common for multiple nutrient enrichment
sources to exist within one system, with riverine
inputs, urbanisation, marinas and other industrial
inputs all likely to happen at the same time as finfish
aquaculture. In this scenario, cumulative system-wide
impacts may occur, as nutrients from multiple sources
are transported and mixed (Ban et al. 2010, Fowles et
al. 2018b).

Cumulative nutrient enrichment across a large spatial
scale is likely to be subtle but spatially widespread,
with the potential to gradually shift baselines

as additional sources of organic enrichment are
introduced (Connell et al. 2008, Keeley et al. 2019).
As a result, attributing impacts on coastal reef
ecosystems to one source of nutrient enrichment
alone is likely to be challenging.
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Summary of potential interactions between finfish
farming and temperate rocky reefs, and key management
practices to mitigate these interactions

Potential ecological interactions »  These processes make reefs vulnerable to

the effects of other environmental stressors,
The ecological interactions between finfish including storm damage, over-grazing and
aquaculture and temperate reef ecosystems are climate change, all of which can also cause
tightly linked to nutrient enrichment. Change loss of macroalgal canopy.

in reef ecosystems due to nutrient enrichment
can occur directly through either dissolved or
particulate inputs, or indirectly through trophic
effects or changes to the productivity of marine

» Canopy loss can result in a phase shift in
reef productivity, altering total biomass,
biodiversity, epifauna and grazing species,
along with the ecosystem services provided.

food webs.

»  Opportunistic turfing species enhance
Effects of nutrient enrichment on primary sediment retention, inhibiting recovery to
productivity (bottom-up interactions) a more complex ecosystem dominated by

canopy-forming macroalgae under increased
sedimentation rates.

» Changes in dissolved nutrients can increase
primary productivity in the water column,
altering light and sedimentation regimes. » Once gone, natural regeneration to original

canopy dominated ecosystems is unlikely or

very slow, spanning years or decades.

» Anindication of early-stage nutrient
enrichment includes increased biomass via
the rapid growth of opportunistic macroalgae,
including turfing species, epiphytic species
and filamentous algae that are well adapted to
assimilate the excess nutrient loads. » The presence of deposited organic material

from finfish farms (uneaten feed, faeces and

biofouling drop-off) can attract scavengers,
which can form localised aggregations.

Effects of nutrient enrichment on secondary
productivity (top-down interactions)

»  Sustained nutrient loadings may cause
smothering, shading and restrictions to water
flow that limit canopy productivity.
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» Aggregations of omnivorous scavengers can
reduce the impact of nutrient enrichment by
grazing on epiphytic algae or particulate waste.
This grazing may also mitigate these bottom-up
nutrient enrichment symptoms.

»  Top-down effects are less predictable but can
alter ecosystem dynamics if populations of
keystone species (e.g. urchins) are changed.

These ecosystem processes are seldom
independent and will trigger a range of different
ecosystem responses, and the magnitude of
these are scenario specific.

Spatial scales

The spatial scale of impact will be governed by the
proximity of the reef to the farm, the level of farm
outputs, the inherent sensitivity/resilience of reef
ecosystems, coupled with the receiving environment
and hydrodynamics. The energy of the environment
is an important consideration affecting spatial
scale of interaction. Low energy environments

may observe a greater acute local impact, while in
dynamic higher energy environments there may be
more diffuse interactions over a larger area (spatial
scale). Cumulative effects with other sources of
nutrient enrichment will also influence the spatial
scale of interactions.

Management and mitigation

Management actions to mitigate the effects of
nutrient enrichment include:

» appropriate site selection — not situating
farms over or near hard substrate, accounting
for cumulative effects within a system

» baseline environmental monitoring before
farming commences

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

» local and broadscale environmental
monitoring to inform farm management,
such as fallowing requirements.

Knowledge gaps

Resilience thresholds remain largely unknown,
notably tipping points relating to epiphyte loads
that will lead to canopy loss, and how much canopy
loss can occur before there is a long-term shift in
ecosystem function. Attribution of change to finfish
inputs relative to other natural and anthropogenic
influences remains challenging. As such, the
further development of aquaculture specific
tracers remains an important area to address.

13
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3 Mitigation and management

of impacts

As aquaculture expands globally, many
jurisdictions are examining the interaction
between finfish aquaculture and reef
ecosystems, with the development

of management strategies to limit
potential effects.

There are very few direct examples in the global
literature of implemented management strategies
to mitigate potential interactions between finfish
aquaculture and shallow rocky reefs. However,

the Tasmanian Government recently introduced a
framework for assessing shallow reef systems as
part of finfish farming compliance monitoring, along
with introducing reef monitoring into environmental
licences for a number of growing regions. There are
also several key principles applicable to general
nutrient enrichment on reef environments, which
can be applied to potential enrichment from finfish
aquaculture. These include:

»  Proximity — the distance between farms and
rocky reefs

»  Hydrodynamics — the transport of farm-derived
outputs and dilution within the environment

» Intensity and methods of farming — the volume
of nutrients and organic material discharged into
the environment

»  Cumulative or synergistic effects — proximity to
other anthropogenic organic pollutant sources,
such as sewage outlets or farm runoff.

Proximity and hydrodynamics can be managed through
site selection. A key mitigation measure widely cited
in the aquaculture literature is the movement of farms
from sheltered environments into more dispersive
locations, to decrease the magnitude of local scale
impacts (Woodcock et al. 2018, Keeley et al. 2019).
While there will be greater dilution of waste in

highly dispersive environments, nutrients from farm
waste will also travel much greater distances. For
example, in Norway, farm waste has been detected
on reef ecosystems up to 1.2 km from farms in highly
dispersive environments (Woodcock et al. 2018,
Keeley et al. 2019). However, associated ecological
effects are less likely to be evident, becoming more
subtle or non-existent as the nutrient loadings

that reefs are exposed to decline. As a result, with
increasing distance and dilution, detecting differences
between anthropogenically driven change and natural
processes becomes increasingly difficult (Bannister et
al. 2016, Broch et al. 2017, Keeley et al. 2019).

Where there has been widespread loss of canopy
due to nutrient enrichment more generally, some
mitigation measures have largely focused on abating
nutrient inputs and replanting canopy-forming
species. For example, attempts to replant these
species in areas of loss has been trialled in New South
Wales, Australia, with some success once sources

of nutrient enrichment were reduced (Campbell

et al. 2014). However, such programs are unlikely

to be a realistic option at a large scale, particularly
where nutrient enrichment within the environment
persists. Substantial loss of canopy attributable

to finfish farming or other nutrient enrichment
sources has not been reported in Tasmania. Best
practice management is to avoid or mitigate nutrient
enrichment before loss of canopy can occur.
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One concept that has gained traction in recent

years around mitigation and management of finfish
aquaculture is the implementation of restorative
aquaculture, or integrated multi-trophic aquaculture
(IMTA). These forms of aquaculture generally involve
the production of one or more extractive species, such
as seaweeds or shellfish, alongside finfish aquaculture
(Chopin 2013, Sickander & Filgueira 2022, Mizuta

et al. 2023). One of the potential benefits of these
forms of aquaculture is nitrogen remediation (Mizuta
et al. 2023). This concept is presently being trialled

in several salmon growing regions in Norway and
Chile, though few examples exist of this occurring
widely at a commercial scale (Sickander & Filgueira
2022). While there is promise for the future, issues

of economic viability, logistics of scale and increased
biofouling of the cultured product remain key hurdles
for these forms of regenerative aquaculture or IMTA.

Overall, for management to be most effective, a more
comprehensive understanding of the ways nutrient
enrichment will affect temperate reef ecosystems

is needed, in particular how local biotic and abiotic
factors might interact to enhance or mitigate these
effects (Ross et al. 2021). Understanding how
nutrient enrichment interacts with temperate reefs
is critical to establishing the sensitivity or resilience
of these ecosystems and, by extension, to defining
threshold values for key indicator parameters.

This understanding is an essential prerequisite to
developing risk-appropriate management strategies
and monitoring programs at relevant local and
regional scales.

3.1 Environmental
performance frameworks

3.1.1 Environmental requirements

Finfish farming in Tasmania primarily occurs in coastal
areas covered by a marine farming development plan,
and within a marine farming lease area (DNRET 2023a).
A marine farming licence is required to operate within
a lease area, and an environmental licence to farm
finfish is also required. Environmental licences require
ongoing environmental monitoring and compliance
against environmental conditions. The Environmental
Standards (DNRET 2023b) include managing rocky
reef condition related to changes in overall canopy
cover and epiphytic loadings (see below).

Reef Habitat Ecological Standards

Managing rocky reef condition with regard

to finfish aquaculture is referenced in the
Environmental Standards (DNRET 2023b). The
Reef Habitat Ecological Standard states that:

1 The licence holder must ensure that at
any reef compliance site, when compared
with reference conditions, there is no:

a) significant and persistent increase in
the presence of opportunistic algae; or

b) significant change in canopy cover; or

c) significant change in abundance and
composition of key taxa; or

d) significant change in composition
of reef communities.
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Previously in Tasmania, key mitigation and
management aspects have included site selection,
limits on feed inputs and performance-based
management, which includes environmental
monitoring that feeds back into management actions
as necessary (Wu 1995, EPA 2022). However, until the
development of the new Environmental Standards,
rocky reefs have not been subject to environmental
condition requirements (DNRET 2023b, DNRET
2023c). The Environmental Standards provide
compliance requirements for reef habitat monitoring
that will be applied across all marine farming regions
where these habitats are present (DNRET 2023b,
DNRET 2023c).

The key mechanism for assessing environmental
impacts on reef ecosystems will be to compare
measurements of relevant reef health indicators at
compliance sites close to the farm and at more distant
reference sites that are not likely to be impacted by
marine finfish farming. Additionally, reef health may
be assessed at compliance sites both when farm
inputs are present (e.g. during maximum stocking
density) and alternate times when such inputs are
absent (i.e. after destocking or during fallowing).

At the reef compliance sites, licence holders must
undertake reef surveys and conduct an assessment
against the reef habitat ecological standards (see
page 15).

More detailed monitoring, assessment, reporting

and data management requirements for assessing
environmental performance against the Environmental
Standards will be provided in the Technical Standards,
which are still under development by Tasmania’s
Environment Protection Authority (EPA). These
standards are being informed by a significant body

of research over recent years that has developed
methodology and tested performance indicators
across multiple regions subject to different natural
(e.g. wave exposure) and anthropogenic influences
(Ross et al. 2021, White et al. 2021, White et al. 2022,
Strain et al. 2023).

In Tasmania, there are also broader environment and
ecosystem monitoring requirements where the lease/s
are situated, known as Broadscale Environmental
Monitoring Programs (BEMPs). Exceedance of any
prescribed environmental performance requirements
may result in management actions being taken by the
EPA at the regional level (Ross et al. 2022). Presently,
reef monitoring is included in the BEMPs for several,
but not all, growing regions within Tasmania.

Environmental requirements for the broader
ecosystem are mostly established for water quality,
while assessment of reef condition at the broadscale
generally relies on expert opinion around temporal
changes. A technical standard for the BEMP that

will set out reef monitoring, assessment, reporting
and data management requirements for assessing
environmental performance at the broadscale is being
developed by the EPA.
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3.1.2 Operational practices

Operational practices are typically focused on
managing soft sediment and water column effects
from marine finfish farming, but they are also
applicable to mitigating and managing rocky reef
effects and are discussed in this context below.

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 way 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 are the primary way inputs are regulated,
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. This was a common
way to regulate the scale of finfish farming activity in
Tasmania in the past, although biomass limits have
now been superseded by TPDNO across most leases
in Tasmania.

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
2022). As a tool for managing and mitigating effects of
finfish aquaculture onto shallow reef systems, TPDNO
limits have recently been applied in Port Arthur
(south-east Tasmania) in response to an IMAS inshore
reef study (White et al. 2022) and water quality
monitoring results, to reduce the current annual
finfish feed inputs by approximately 20% compared to
average levels across the period from 2019 to 2023.

Fallowing

Short-term, regular fallowing (removal of fish) 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). Fallowing is also a
strategy used to help manage fish health issues, such
as parasites and disease (Chang et al. 2014).

In Tasmania, fallowing is typically performed if
sediment conditions after harvest are not acceptable
for immediate restocking. So far, fallowing has not
been used as a response for managing shallow reef
conditions in Tasmania.
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4 Methods for monitoring

While there are many established methods
for determining overall reef health, methods
that examine the interaction between finfish
aquaculture and rocky reefs are relatively
novel and still developing as our knowledge
of this interactions increases.

Methods available for monitoring change on rocky
reefs are largely based on quantitative and qualitative
visual analysis, either performed by divers in-situ or
by analysing photographic or video images after field
surveys (Roberts et al. 2014). Remotely operated
vehicles (ROVs) or towed cameras are now widely
used to capture data on reef health (Buscher et al.
2020, Davis et al. 2020).

Visual survey approaches can adopt a wide range
of techniques, from a full underwater visual
census model where the focus is capturing data
on biodiversity, to targeting functional groups and
indicator species that respond to early stages of
nutrient enrichment (Ross et al. 2021).

4.1 Biodiversity surveys

Biodiversity surveys provide an important ecological
baseline for the area of interest, documenting the
abundance and diversity of all fish, invertebrates and
algae. Once a baseline is established, biodiversity
surveys can detect changes in population numbers
and size-structure, cascading ecosystems effects
associated with disturbance, and long-term change
and variability in temperate reef assemblages (Edgar
& Barrett 1997, Edgar et al. 1997, 1999).

This method involves a comprehensive visual census
by a diver along a 200 m transect line, divided into 4
x 50 m sub-sections. All fish species on both sides

of the line, within 5 m of the transect, are counted
and their size visually estimated. Invertebrates

and cryptic fish species within 1 m of the transect
line are counted, and commercially or ecologically
important invertebrate species are also measured.
Algal diversity is assessed by point-count using a 0.25
m2 quadrat placed every 10 m along the transect line
(Edgar et al. 1997, 1999).

This survey method has been consistently
implemented across both Tasmania and southern
Australia for nearly 30 years. The high-resolution
taxonomic detail allows for unanticipated impacts on
coastal reef communities to be examined and offers
an invaluable reference to measure future change
(Valentine et al. 2016). As the method has widespread
application, it is also possible to compare local results
with a broader database, to separate out changes due
to local stressors like finfish farming from more regional
or broader-scale stressors (i.e. climate change).
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4.2 Targeted assessments

Targeted assessments aim to detect a loss of
ecosystem resilience due to nutrient enrichment,
before widespread loss of canopy occurs (Valentine

et al. 2016). In Tasmania, a targeted Rapid Visual
Assessment (RVA) has been designed to complement
biodiversity surveys. This provides a faster way to
assess functional change and loss of resilience due

to nutrient enrichment (Ross et al. 2021). Broad
functional categories include canopy, sub-canopy (red,
green, brown algae), epiphytic algae, filamentous algae
and opportunistic algae species (e.g. Chaetomorpha
billardieri, Ulva spp., Asparagopsis armata) associated
with organic enrichment in the region (Figure 3).

Figure 5: Reef survey methods

a) 1x1 m quadrat used in a Rapid Visual
Assessment (RVA) of Tasmanian rocky reefs

Survey sites are assessed using 12 x 1 m2 quadrats
haphazardly placed along a 50 m fixed transect

(Ross et al. 2021, White et al. 2022). This technique
is designed so that shifts across several functional
parameters, such as loss in canopy combined with
increases in species/groups that indicate enrichment,
can be detected simultaneously. The data provides a
more complete picture of the enrichment status of a
reef than achieved by examining a single parameter.
The survey is designed to be undertaken biannually,
so that prolonged growth of indicator species
associated with nutrient enrichment can be separated
from acute ecosystem responses to natural nutrient
pulses that occur seasonally, or with rainfall events
(Ross et al. 2021, White & Brasier 2021).

b) scuba diver records biodiversity data
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4.3 Remote assessments

ROVs, Autonomous Underwater Vehicles (AUVs) or
towed camera systems offer robust survey tools
for quantifying temperate reef habitat that are not
constrained by diving limitations such as depth or

bottom time (Sward et al. 2019, Sward et al. 2022).

When connected to a positioning system, seabed
imagery can be geo-referenced to a collection
location (Monk et al. 2018).

These systems can be used to capture both video and
still images, and are useful to quantitatively assess
fish, invertebrate and algae/substrate communities
on temperate reefs (Sward et al. 2022). ROVs and
towed camera systems can be operated live, enabling
increased control in navigation, while AUVs tend to
follow pre-programmed routes.

Figure 6: Equipment used for remote assessments

a) remotely operated vehicle (ROV)

c) towed camera system in action
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The main advantage of remote survey platforms is the
dramatic increase in the spatial area and depth that
can be covered in a survey, while reducing dive time
and providing a permanent record of the sampling
(Parravicini et al. 2009, Guinda et al. 2014).

However, there are also disadvantages to working
with remote platforms. In shallow-water systems

for example, working in exposed locations can be
particularly difficult, with entanglement, equipment
damage and difficulty piloting all potential problems.
Compared to diver-based surveys there is also a loss
of taxonomic resolution and reduced capacity for
consistent species identification (Guinda et al. 2014).
The ability to identify cryptic or highly mobile species,
or individuals masked by canopy-forming macroalgae
is reduced, as identification relies on photographs or
videos alone (Ross et al. 2021). Substantial time and
expertise are needed to undertake image analysis
consistently and accurately. Despite these drawbacks,
technological advances may help to overcome several
of these issues, and it is expected that the use of
remote platforms for temperate reef monitoring will
increase into the future.

4.4 Monitoring desigh

Although the monitoring of shallow rocky reefs is a
relatively new addition to regulatory requirements,
the design for regulatory monitoring is consistent

with that developed for soft sediments and the water
column, where assessment is focused on two spatial
scales. Local (lease) scale monitoring assesses direct
effects from nutrient emissions from a particular lease
and broadscale monitoring assesses environmental
change and the potential for cumulative effects across
aregion that may include multiple leases.

An inherent challenge in monitoring shallow reefs
owes to their patchiness which can often constrain
the ability to have a balanced sampling design.

A sampling program that can best account for
background spatial and temporal variability is
imperative when trying to quantify the potential
effects of finfish aquaculture on reef habitats.
Reference conditions for assessing the effects of
individual leases are best captured during pre-farming
baseline surveys at both farm and reference sites,
and then at reference sites during active farming.

This will not only capture pre-farming conditions

but also capture changes over time in response to
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 the cumulative 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 2022). Once farming commences,
the environmental licences require lease scale
monitoring at compliance and reference sites, along
with broadscale monitoring of sites encompassing
the region. The new Environmental Standards now
provide compliance requirements for reef habitat
monitoring that will be applied across all marine
farming regions where these habitats are present.
As baseline information on reefs is lacking

in several growing areas, most notably the
D’Entrecasteaux Channel in southern Tasmania,
there will be challenges in establishing robust
baseline conditions for these areas.
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5 Summary

Shallow reef systems interact with finfish »  Effects of nutrient enrichment in the form of
aquaculture through nutrient enrichment increased abundance of epiphytic and filamentous
of the water column and deposition of algae have been observed on reef ecosystems in

. Tasmania, with changes observed up to 2000 m
organic wastes onto the substrate. from finfish farms.

» At a broad spatial scale, determining the effects
of nutrients derived from finfish aquaculture as
opposed to nutrients from other anthropogenic
and natural sources is difficult.

»  Sustained environmental pressure through
nutrient enrichment on inshore temperate rocky
reefs can cause an increase in opportunistic
species and a loss of macroalgal canopy, with
potential ramifications for the broader food web. »  Effective monitoring of rocky reefs helps provide

early warning signs of nutrient enrichment related

stress, which in turn helps manage the risk of
canopy loss.

»  Inputs from finfish farming in Tasmania have the
potential to interact with rocky reefs,although with
no farms situated directly above hard substrate,

effects are more likely to be from interactions with »  Effective management is informed by:
dissolved nutrients in the water column, rather than
deposition of organic material onto the substrate.

— Anunderstanding of how reefs respond to
nutrient enrichment at local and regional scales

— How ecological and environmental factors,
such as hydrodynamics, might interact with
nutrient enrichment to enhance or mitigate
effects at local and regional scales.

— Baseline information on reef condition prior
to the introduction of finfish aquaculture into
a system.

» Targeted research and ongoing monitoring will
provide a better understanding of the sensitivity to
nutrient enrichment and the long-term resilience
of coastal reef systems in Tasmania.
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6 Glossary and acronyms

BEMP

Broadscale Environmental Monitoring Program.
A monitoring program within Tasmania to
understand potential aquaculture effects
within a larger spatial context.

Canopy

The tallest layer of macroalgae (seaweed) that
can form dense underwater forests, providing
structure and shaping the ecology of temperate
reef environments in the photic zone.

Encrusting algae

A type of algae that tightly adheres to hard
substrate, spreading out in thin layers or crusts.
These are often calcified.

Epiphytic algae
A type of algae that grows on the surface of
other algae.

Environmental Licence

Environmental licences to operate salmon farms
in Tasmania are issued by the Environment
Protection Authority under the Environmental
Management and Pollution Control Act 1994.

EPA

Environment Protection Authority. Tasmania’s
principal environmental regulatory body,
established as an independent statutory
authority under the Environmental Management
and Pollution Control Act 1994.

Filamentous algae

A group of algae characterised by long threadlike
structures that can form dense mats or tufts in
marine environments. They may be free floating
or attached to rock or other algae (epiphytic).

Hydrodynamics

The movement of fluids (in this case, seawater)
and the subsequent movement of material or

bodies immersed in fluids, such as organic waste.

Nuisance species

A functional category of opportunistic algae

that can threaten the diversity or abundance
of other species, ecosystem functioning and
ecosystem services.

Nutrient enrichment

An increase in the nutrients that can drive
excessive primary production and lead to
increased anaerobic microbial activity.

23
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Opportunistic species

Generally fast-growing and highly fecund
species, adapted to exploit newly available,
polluted, transient and variable habitats.

ROV

Remotely Operated Vehicle. A vehicle used to
survey marine habitats, while tethered to a vessel.

RVA

Rapid Visual Assessment. A survey method used
to rapidly assess functional change and loss of
resilience due to organic enrichment on rocky reefs.

Scavenger species

An animal that feeds on dead material.

Shallow reef

A hard-substrate ecosystem in the shallow photic
zone where macroalgae communities dominate.

Sub-canopy

Algal species growing below the canopy.

TPDNO

Total Permissible Dissolved Nitrogen Output.

A regulatory metric which limits the amount of
dissolved inorganic nitrogen that can be released
via feed inputs into a defined area over a specified
time. The TPDNO is based on estimated dissolved
nitrogen released through waste outputs from
farmed fish (EPA 2022).

Turfing species

Generally ‘short’ (0.5 to 3 cm) or ‘low lying’ algae
growing under the canopy.
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Appendix 1

Temperate rocky reef responses to nutrient enrichment
and sedimentation

Table 1: Common temperate reef ecosystem responses to organic enrichment
and sedimentation (Ross et al. 2021)

Dissolved nutrient enrichment

Algae Increased growth of South Australia (Connell et al. 2008, Falkenberg
turfing algae etal. 2012)

Increased density of epiphytic SE Australia (Oh et al. 2015), Western Norway

cover on macroalgae (Haugland 2019)

Increased density of Southern Norway (Bokn et al. 2003), Western Norway

filamentous green algae (Haugland 2019), SE Australia (Oh et al. 2015)

Loss of perennial/ Baltic Sea (Worm et al. 1999), South Australia (Gorman

canopy-forming species et al. 2009)

Loss of species diversity Baltic Sea (Worm et al. 1999), SW Atlantic (Scherner et
al. 2013)

Increased biomass of rapid Japan (Saccharina, Agatsuma et al. (2014)), SE Australia

growth macroalgae (Undaria, Carnell and Keough (2014)), California

(Macrocystis, Hernandez-Carmona et al. (2001))

Fish & mobile Increases in herbivorous Baltic Sea (Hillebrand et al. 2000), NW Atlantic (Lotze
invertebrates species et al. 2001), South Australia (Russell & Connell 2005,
Falkenberg et al. 2014)
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Sedimentation

Algae Inhibition of growth or South Australia (Irving & Connell 2002, Connell et al.
recruitment of sensitive 2008), Mediterranean (Claudet & Fraschetti 2010),
species Chile (Muth et al. 2017)

Mortality through smothering Western Mediterranean (Airoldi et al. 1995, Airoldi &

of sensitive species Cinelli 1997), South Australia (Irving & Connell 2002).
Trapping of sediment by Western Mediterranean (Airoldi et al. 1995, Airoldi
turf species et al. 1996)
Fish & mobile Increases in opportunistic NE Atlantic (Echavarri-Erasun et al. 2007),
invertebrates species Mediterranean (Fernandez-Jover et al. 2008),

Western Norway (White et al. 2018)

Community changes in NE Atlantic (Echavarri-Erasun et al. 2007), Australia
filter feeders (Schonberg 2016)

Community changes in SE Australia (Smith et al. 1999), Mediterranean

fish species (Guidetti et al. 2003), Norway (Dempster et al. 2009)

Combined effects

Algae Loss of perennial/canopy- NW Mediterranean (Benedetti-Cecchi 2001, Mancuso et
forming macroalgae al. 2018), Sweden (Eriksson et al. 2002), South Australia
(Connell et al. 2008), SE Australia (Coleman et al. 2008),

SW Atlantic (Scherner et al. 2013)

Increases in turfing algae NW Mediterranean (Benedetti-Cecchi 2001), Sweden
(Eriksson et al. 2002), South Australia (Gorgula &
Connell 2004, Connell et al. 2008)

Fish & mobile Increases in abundance of SE Australia (Stuart-Smith et al. 2015, Ling et al. 2018)
invertebrates smaller, faster growing species

Reduced biomass SE Australia (Stuart-Smith et al. 2015)

Reduced species richness SE Australia (Stuart-Smith et al. 2015), Global
b(McKinley & Johnston 2010)
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