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Abstract

The occurrence of problematic pest organisms is an increasing global phenomenon, adversely affecting a range of environments and
associated values. In marine systems, the efficacy of pest control has to date been constrained by a lack of tools that are not only highly
effective, but also applicable across broad spatial scales. Here we consider the extent to which biological control (biocontrol) has the
potential to fulfil these needs. We describe different biocontrol approaches and potential ecological mechanisms (e.g. consumption, space
competition, habitat modification) through which problematic species could be supressed. We also discuss the ideal traits of marine control
agents within the context of the selection criteria commonly applied in terrestrial systems. Classical biocontrol based on the deliberate
introduction of non-indigenous agents has a high risk of leading to adverse non-target effects in marine environments, and cannot be
justified. By contrast, approaches that use indigenous species have a low risk of unacceptable non-target effects, and could be used as part of
pest eradication, as a means of containing spread, or for the control of established pest populations to mitigate adverse effects. While
biocontrol based on indigenous species can be highly effective for such purposes, it is unlikely that it could be feasibly applied at broad
spatial scales, except in specific circumstances (e.g. in some types of aquaculture). There is clearly a need to develop new approaches to
manage marine pests. Biocontrol when used in conjunction with traditional approaches can provide a valuable tool for pest eradication,

containment and mitigation of adverse effects.
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Introduction

The occurrence of problematic pest organisms is
an increasing global phenomenon, adversely
affecting a range of ecological and socio-economic
values in terrestrial and aquatic environments
(Ruiz et al. 1997). Examples of deleterious effects
are numerous, including declines in native bio-
diversity (Byers 2000), decreases in productivity
of economic activities (Bax et al. 2003) and
impacts to social values (Garcia-Llorente et al.
2008). The proliferation and spread of pests,
including non-indigenous species, is exacerbated
by climate change (Bellard et al. 2013), habitat
change (Ruiz et al. 1999) and pollution (Gregory
2009). With respect to non-indigenous species, this
situation is compounded through intensification
of risk pathways and changing patterns of trade,
which increase global connectedness (Mack et al.
2000).

In the marine realm, human activities such as
vessel movements, aquaculture, and fishing
represent significant pathways for the spread and
introduction of pests into new areas, with invasion
rates being recorded at unprecedented levels
(Mack et al. 2000). Marine artificial structures,
such as marinas, wharfs, ports and marine farms
provide extensive novel habitats that enable many
sessile organisms to proliferate, and provide
stepping-stones for the spread of many pests
(Ruiz et al. 2009). Currently, there is a lack of
tools to eradicate or contain new marine pest
introductions or to supress established populations.
Most approaches to marine pest control rely on diver
removal and physical or chemical treatments
(Hewitt et al. 2005), which may have limited
efficacy, or are labour-intensive and impractical
to apply at broad spatial scales (Piola et al.
2009). Accordingly, there is a need for cost-
efficient and acceptable alternatives.



Table 1. Types of biological control and key features for the corresponding agents
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. A: applied method; E: experimental

Type of biological
control

Principle

Agent’s key features

Examples

Terrestrial

Marine

NT

Classical

Conservation

Augmentative

Inoculation
(classical or
augmentative)

Inundation
(classical or
augmentative)

MODE OF APPLICATION ORIGIN/SOURCE OF AGE

Introduction of non-
indigenous natural
enemies to control of
a pest

Protection and
enhancement of
particular natural
enemies to reduce the
effect of a pest

Release of
indigenous natural
enemies to control a
pest

Small release of
natural enemies; pest
control increases with
agent multiplication

Release of natural
enemies in large
numbers with
proliferation not
expected

non-indigenous

high specificity

high dispersal and
establishment capacity

native
not released

high dispersal and native
easily available in large
numbers

ability to multiply
low densities required

control by enhanced
agents (not their progeny)
densities may decrease
rapidly over time

large densities or
frequency of release
needed

Introduction of lady bugs
to control scale insects in
the Galapagos Islands
(Hoddle et al. 2013) (A)

Support alternative
habitats to protect natural
enemies in cereal crops
(Landis et al. 2000) (A)

Use of Trichogramma
(insect) to control crop
pests (Kuhar et al. 2004)

(»)

Release of microbial
agents to control plant
pathogens (Shoresh et al.
2010) (A)

Parasitoid insect to
control the European
corn borer in crops
(Kuhar et al. 2004) (A)

A parasitic barnacle to
control the European
green shore crab
(Goddard et al. 2005) (E)

Protect grouper in
marine reserves to
supress invasive lionfish
(Pterios volitans)
(Mumby et al. 2011) (A)

Periwinkles to reduce
biofouling on oysters
farms (Enright et al.
1984) (E)

Sea slugs to control the
invasive alga Caulerpa
taxifolia (Coquillard et
al. 2000) (E)

Sea urchins to control
the Asian kelp Undaria
pinnatifida (Atalah et al.
2013b) (A)

Biological control (biocontrol) is one such
alternative approach, which has a long history of
use in terrestrial pest management, yet marine
applications have not been comprehensively
explored. One of the barriers to marine biocontrol
is the perceived uncertainty regarding the nature
and magnitude of adverse non-target impacts.
This view appears to stem from classical
biocontrol (i.e. using non-indigenous control
agents), which in terrestrial systems has a legacy
of creating greater problems than it has solved
(Simberloff 2012). The limited knowledge of
marine ecological dynamics makes it very
difficult to evaluate the likely risks associated
with classical control strategies (Secord 2003).
As an alternative approach to classical biocontrol,
strategies exist that rely on the enhancement of
indigenous organisms (Bax et al. 2001; Secord
2003). Proof of concept for biocontrol using
indigenous organisms in marine systems has
been demonstrated in experimental applications
involving suppression of pests on artificial
habitats (Dumont et al. 2009; Lodeiros, Garcia
2004; Ross et al. 2004) and in natural habitats
(Atalah et al. 2013b). However, the use of such
approaches in marine systems is still in its
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infancy. There are considerable knowledge gaps
to be addressed to understand the potential for
marine biocontrol in pest management, and for
biocontrol to be widely accepted and effective at
operational scales.

This paper describes different biocontrol
approaches and potential ecological mechanisms
through which biological agents could supress
marine pest species. For this purpose we used the
term marine pest to refer to an organism
demonstrated to cause economic and ecological
impacts, regardless of its origin (Falk-Petersen et
al. 2006). With a focus on indigenous species as
control agents, we characterise potential biocontrol
applications and points of intervention through
the invasion process, and discuss selection
criteria for ideal biocontrol agents. The latter
component does not provide a formal framework
for the selection process, but rather addresses the
utility of ideal biological traits that have been
previously considered in other systems. Finally,
we explore the issue of non-target impacts from
indigenous control agents, and discuss the future
research that is needed for the refinement and
application of marine biocontrol at operational
scales.



Marine biocontrol

Types of biocontrol

A commonly accepted definition of biocontrol is
the “use of living organisms to suppress the
population density or impact of a specific pest
organism, making it less abundant or less damaging
than it would otherwise be” (Eilenberg et al. 2001).
The types of biocontrol defined in the literature
(Table 1) vary based on the origin of the agent
(i.e. whether indigenous or non-indigenous), and
the mode of release (i.e. inoculation and inundation).
Classical biocontrol involving the deliberate
introduction of exotic agents to control pests is
common in terrestrial and freshwater systems
and can be highly effective (e.g. Hoddle et al.
2013). The other strategies available capitalise
on the potential of indigenous organisms to be
used as control agents. Conservation biocontrol
aims to protect populations of natural enemies to
maintain and enhance their pest control action.
For example, the protection of predatory grouper
fish in marine protected areas of the Caribbean
has been proposed as a strategy for the biocontrol of
the invasive lionfish Pterois volitans (Mumby et
al. 2011). This differs from augmentative biocontrol,
where natural enemies are purposely released to
increase their antagonistic effect on pests (Eilenberg
et al. 2001). One approach is ‘inoculation’, whereby
released agents are expected to multiply and spread,
and exert sustained long-term pest control through
successive generations (Eilenberg et al. 2001). The
alternative ‘inundation’ approach relies on the
action of the individuals released alone, often in
high densities, with no need or expectation of
further proliferation (Table 1).

Mechanisms of biocontrol using indigenous
species

There are several ecological interactions through
which indigenous biocontrol agents could suppress
marine pests. The obvious is consumption, either
through grazing or predation. This is a common
terrestrial strategy (van Lenteren 2012), with a few
marine examples in natural (Atalah et al. 2013b;
Mumby et al. 2011; Thibaut and Meinesz 2000)
and artificial habitats (Atalah et al. 2014; Enright
et al. 1984; Ross et al. 2004). Stabili et al. (2010)
provide an interesting example in which large
numbers of the Mediterranean fanworm Sabella
spallanzanii (itself considered a marine pest in
some countries) were transferred to and cultured
within the vicinity of a finfish aquaculture farm
as a means of filtering out harmful bacteria.

Parasitism is also a common interaction exploited
in biocontrol, with a long history in terrestrial
systems (Clausen 1978). Parasites have also been
proposed for controlling marine pests, for example
castrator ciliates to supress Pacific seastar
Asteria amurensis populations (Byrne et al. 1997).
Parasitic castrator barnacles were also suggested
as a classical biocontrol method for the invasive
green shore crab Carcinus maenas (Lafferty and
Kuris 1996). However, the main issue with the
use of introduced parasitic agents relates to host
specificity and potential non-target effects to
native species (Goddard et al. 2005).

Competitive space pre-emption is a mechanism
less explored in terrestrial system, but highly
relevant in marine applications. A key factor that
drives biofouling assemblage development is
competition for space (Stachowicz and Byrnes
2006), thus by enhancing benign organisms that
pre-empt space, one could prevent the colonisation
by problem species. A recent study showed that
high density inoculation of sea anemones prevented
the settlement and accumulation of problematic
biofouling (including non-indigenous species),
with space pre-emption considered one of the
key controlling mechanisms (Atalah et al. 2013a).
A variant on the principle of conservation biocontrol
(see above) is the idea that diverse indigenous
communities are more resistant to non-indigenous
species than species-poor ones (Stachowicz et al.
1999). As such, maintaining or enhancing
indigenous biodiversity, for instance using marine
reserves, may be an effective mechanism for
decreasing the invasion success of certain pests.
However, there is currently little evidence for the
effectiveness of this biocontrol mechanism (but
see Mumby et al. 2011), with high profile pests,
such as C. maenas, being able to establish dense
populations in relatively pristine habitats (Thresher
et al. 2003).

More recent novel approaches include genetic
biocontrol, which involves the intentional release
of genetically modified organisms that are designed
to reduce the survival or disrupt reproduction of
target pest species. It involves manipulation of
target species’ chromosomes to skew sex ratios,
recombinant DNA techniques to insert damaging
genes into the target species’ genome to disrupt
reproductive cycle, or a combination of both
techniques (Kapuscinski and Sharpe 2014; Thresher
et al. 2014). However, these methods have not
been tested at operational scales and their potential
role as part of the integrated management of
marine pests is still unknown. Genetic methods
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Figure 1. The range of potential augmentative biocontrol applications in marine systems. The diagram (left side) reflects the common
events in the initial incursion, spread and widespread establishment of a marine pest. Each of these may lead to management responses (right
side) where biocontrol can be applied. These include biocontrol as a complementary tool for pest eradication or containment, and the use of
control agents to mitigate adverse effects on coastal ecosystems and associated values.

require prolonged interventions to be effective,
and are possibly the least socially accepted
mechanism of biocontrol (Thresher et al. 2014).

Potential biocontrol applications
in marine systems

Overview

Terrestrial biocontrol programmes generally aim
to suppress populations to low levels, thereby
reducing density-dependent adverse effects (i.e.
effects whose intensity increases with increasing
pest density, Hoddle 2004). This approach has been
applied to control a number of weed, arthropod
and vertebrate pests. Insects are the most common
biocontrol agent released against noxious weeds
(e.g. Kuhar et al. 2004). These techniques are
often applied in integrated pest management
scenarios, whereby a range of control options are
implemented simultaneously (Hajek 2004).
Population control using indigenous species to
reduce the density-dependent adverse effects of
problematic species (whether indigenous or non-
indigenous) or assemblages (e.g. biofouling) is
also a common goal of biocontrol in marine
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habitats. It is also conceivable that biocontrol, in
particular augmentative biocontrol, could be
included as part of early management interventions
to restrict pest establishment (e.g. of a non-
indigenous species) or to reduce spread. This range
of marine biocontrol applications is conceptualised
in Figure 1, and we elaborate on each below.

Biocontrol to complement pest eradication
programmes

In terrestrial situations, rapid responses to invasive
weeds and pests are predominantly based on
mechanical or chemical methods (e.g. traps, baits
and ground spraying) and do not traditionally
incorporate a biocontrol component (Rejmanek and
Pitcairn 2002). Terrestrial biocontrol is generally
most effective for dense weed or pest infestations
over large areas (Hajek 2004); as such, its appli-
cation to isolated incursion events is unlikely. By
contrast, the expansive and interconnected nature
of marine environments, together with the
unavailability of highly effective control tools,
mean that pest eradication is often not feasible
(Hewitt and Campbell 2007; Sambrook et al. 2014).
Success usually depends on rapid detection and
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containment; and on timely implementation of
available control measures (Lafferty and Kuris
1996; Mack et al. 2000; Piola et al. 2009). In this
context, biocontrol could be used as an invaluable
complementary management tool for eradicating
pests in spatially-restricted areas, used in
conjunction with traditional tools such as diver-
based manual removal. Biocontrol has the potential
to surmount the challenges that cryptic pests or
life-stages pose to traditional methods (e.g. diver
surveillance) for timely detection (Hewitt et al.
2005; Hunt et al. 2009). For example, in New
Zealand an inundative approach with sea urchins
is being used in conjunction with manual diver
removal and chemical treatments to locally
eradicate the invasive alga Undaria pinnatifida
from an area of high conservation value (Atalah
et al. 2013b). In that example, urchin biocontrol
assists eradication both directly by supressing
the target pest and indirectly by denuding the
indigenous kelp canopy and aiding visual searches.

Biocontrol to contain or reduce spread

Decreases in population sizes of marine pests by
biocontrol or other management methods are
expected to translate to a reduction of spread
(Forrest et al. 2009; Forrest and Hopkins 2013;
Johnston et al. 2009). Reduction in spread can be
through two means: reductions in mobile adults
and reductions in propagule pressure. In the first
instance, there is the potential for a direct
biocontrol effect on mobile pest populations,
leading to a reduced supply of adults for outward
dispersal from the population boundary. This
type of control is common in terrestrial systems
(Cooper and Rieske 2007; Ryan 1990). Potential
applications in marine environments are less
obvious, although a pertinent example is use of
wrasses to control parasitic sea lice in farmed
salmon (Treasurer 2005). In that case the control
effect was clearly of direct benefit to infected
fish. Additionally, by reducing the overall parasite
population in a given fish farm, it can be expected
that the inoculation pressure for the infection of
nearby farms will be reduced (Kristoffersen et al.
2013). Where the farmed species have wild con-
specifics, it is also conceivable that a reduction
in the farm parasite load will reduce exposure to
wild stocks (Butler 2002; Chambers and Ernst
2005).

The second method by which biocontrol has
the potential to reduce spread is by reducing the
number of reproductive adults, hence the propagule
supply. As many marine benthic species (especially

sessile biofouling organisms) produce planktonic
propagules that disperse with water currents, such
a strategy may limit spread by natural dispersal,
and also reduce the infection of human transport
vectors. The latter application is of particular
relevance to biofouling in marine transport hubs
such as ports and marinas, whose extensive
artificial habitats provided by structures such as
piles and floating pontoons can be a significant
reservoir for marine pests (Glasby et al. 2007;
Ruiz et al. 2009). As the planktonic propagules
of these organisms can readily colonise vessels
and other transport vectors, infected transport hubs
can greatly accelerate human-mediated spread
(Floerl and Inglis 2005; Floerl et al. 2009). It has
been shown that population control applied in
such hubs can reduce the infection of vessels and
other vectors (Sambrook et al. 2014), and conse-
quently reduce human-mediated spread; however,
this requires an intensive ongoing control effort
which is seldom feasible with traditional tools
(Forrest and Hopkins 2013). Biocontrol in vector
hubs could therefore be valuable as a population
management tool, and we are currently
investigating potential approaches based on
enhancement of benthic invertebrates on fixed
and floating structures (J. Atalah, unpub. data).
The terrestrial equivalent for this strategy would
be treatment and containment practices in
commercial shipping ports or airports (Magarey
et al. 2009); however, such practices tend not to
include a biocontrol component, probably reflecting
the relative ease of local scale terrestrial control
using traditional methods (e.g. sprays, baits).

Biocontrol to mitigate adverse effects

Biocontrol can theoretically be used to mitigate
the adverse effects of pests in a range of marine
environments. However, at present biocontrol for
this purpose appears restricted to aquaculture,
with previous studies illustrating applications in
the control of pathogens (Stabili et al. 2010),
parasites (Treasurer 2005), and biofouling (Enright
et al. 1984; Lodeiros and Garcia 2004; Ross et
al. 2004; Switzer et al. 2011). Reducing biofouling
on finfish or shellfish farms using biocontrol can
mitigate direct impacts to production, and reduce
operational problems and associated management
costs (Fitridge et al. 2012). The most successful
examples of biofouling biocontrol are found in
shellfish aquaculture in situations where control
agents can be contained, such as oyster grow-out
cages (Enright et al. 1984; Lodeiros and Garcia
2004). The use of biocontrol agents such as sea



urchins in aquaculture provides an interesting
perspective for polyculture, as they have a
potential market value and low harvesting costs
(Dumont et al. 2009; Ross et al. 2004). Another
example of augmentative biocontrol in shellfish
aquaculture is the use of a native rock shrimp
(Rhynchocinetes typus) to control non-indigenous
fouling pests on scallop pearl nets (Dumont et al.
2009). Here the shrimp’s ability to remove fouling
biomass resulted in decreased mortality and
increased growth of the farmed bivalves (Dumont
et al. 2009).

In finfish aquaculture, the example above
describing the use of cleaning wrasses to control
parasitic sea lice in farmed salmon constitutes a
successful application of biocontrol in aquaculture
(Treasurer 2005). In Norwegian farms, three
different species of cleaning wrasse (Labridae)
are co-cultured with salmon (up to 5% of the total
pen density), to remove the ecto-parasitic sea
lice (Skiftesvik et al. 2013). The role of this type
of biocontrol has become increasingly important
not only in terms of economic productivity and
fish welfare, but also by reducing the spread of
parasites into wild fish population (see previous
section). Regional estimates for the economic
cost of sea lice range between 4% and 10% of
the total production value of the salmon industry
(Costello 2009).

Selection of biocontrol agents

The process of selecting biocontrol agents is
dictated mainly by the target pest, the ecological
and management context, and the benefits
expected from implementing the control programme.
Although there is no formal framework to guide
the selection of marine biocontrol agents, most
traits that define a good control agent in a
terrestrial context are relevant (Hajek 2004). These
traits relate to a number of ecological factors,
including feeding preferences, consumption rates,
population dynamics, enhancement potential and
risk of non-target effects (Table 2). Issues such
as public perception and cost are also important
in control agent selection (Table 2), but here we
focus on ecological considerations.

A key matter to address is the ability to obtain
biocontrol agents in sufficient quantities for
effective control at the scales of interest. It may
be possible to source marine agents from natural
populations, in which case the agents should be
widely distributed, abundant and ideally locally
sourced to facilitate transplantation into target
areas (e.g. Atalah et al. 2013b). It is often not
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practical to solely rely on natural populations that
are constrained by seasonality, geography, or
expensive collection methods. Where large numbers
of individuals are required, and wild harvest is
considered undesirable (e.g. due to negative
ecosystem impacts), agents would ideally be mass-
produced (Hajek 2004). The decision on sourcing
or cultivating agents for augmentative biocontrol
would be largely dictated by the scale and context
of the application, as well as the amenability of
the agent to cultivation.

When using consumers as agents, whether a
species has specialist or generalist feeding
preferences needs to be considered. In terrestrial
systems, highly specialised controls agents are
commonly used (Rosen 1990). However, most
marine consumers are generalists, except for a
few cases (e.g. nudibrachs, Thibaut and Meinesz
2000), which clearly limits choice. Generalists
may pose a risk of non-target effects (see next
section), but in some marine situations are
beneficial. For example when used on marine
artificial structures where the aim is to reduce the
abundance of multispecies biofouling assemblages.
Generalists also survive relatively well at low
prey densities, whereas specialised predators
may not (Burfeind et al. 2009). High consumption
rates are desirable in order to minimise required
densities. Ideal agents should be able to control
pests at low densities. It is also desirable that
agents are effective against cryptic life-stages
that can thwart traditional control. For example,
cryptic organisms or microscopic life-stages
cannot be detected by visual diver-based searches.
However, such organisms may be susceptible to
predation (Osman and Whitlatch 1995), hence
grazers or predators used as control agents have
the potential to overcome this limitation. For
example, gastropod grazing and disturbance
activity on biofilms can prevent the accumulation of
biofouling in artificial structures by removing
early life-stages of pest organisms (Atalah et al.
2014).

Another important trait is the resilience to
environmental change (Atalah et al. 2014). This
is especially true in marine vector hubs, which
are often located in highly-modified environments
subjected to numerous sources of anthropogenic
disturbance (Piola and Johnston 2008), and some-
times to large fluctuations in salinity, temperature
and turbidity (Airoldi and Bulleri 2011). A high
mortality rate would counteract an agent’s utility;
for example, because the agent would require
ongoing replenishment. A related trait, which is
critical in the use of mobile benthic invertebrate
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Table 2. Summary of criteria to consider for the selection of indigenous marine biocontrol agents.

Key criteria Description

Sources Abundance in target areas

Ability to mass-produce in captivity

Accessibility/Practicality

Availability year-round

Ease of collection, transport and set up at target areas
Amenability to caging or containment
Retention on different types of substrata and orientation

Ecological traits
Dietary preference

Feeding rates and methods

Feeding specificity (generalist vs. specialist)

Density or behaviour of agent population (gregarious/solitary)

Longevity

Population growth rates

Larval dispersal and adult spread
Resilience to environmental change

Cost-effectiveness

Cost of collection or cultivation

Cost of transport and deployment in target area

Cost of monitoring

Added-value and harvest potential

Public perception

Perception of agent as risk to public health/environment

Acceptability to enhance and release based on previous experiences

agents on artificial structures (on which vertical
and horizontal under-surfaces are common), is
their rate of retention. Retention in benthic species
is function of body size and shape, substrate
characteristic and attachment strength or tenacity
of the foot system (Trussell 1997; Trussell et al.
1993). Agents such as gastropods, with high
attachment strength relative to their body size,
are advantageous.

For promising mobile benthic agents with
poor retention rates, caging could be considered
(Epelbaum et al. 2009; Lodeiros and Garcia 2004).
However, even where caging is technically feasible,
cage structures themselves introduce new issues.
For example, cages will be subject to biofouling,
and mesh size will affect surface area for fouling
colonisation, as well as the size of agents that
can be retained. The ease of retention may also
be affected by predator mobility, with highly
mobile agents (e.g. sea stars) prone to escaping
(Atalah et al. 2014). The use of sessile invertebrates
would negate the need for caging. However,
suitable candidates have not yet been fully
evaluated for this purpose, apart from preliminary
work with anemones (Atalah et al. 2013a) and
colonial ascidians (Paetzold et al. 2012).

A control agent’s mobility and dispersal
mechanisms can also affect biocontrol efficacy.
Biocontrol agents with low spread rates may
necessitate the redistribution of individuals or a
high density of release for effective control to be
exerted. On the other hand, high spread rates
may lead to a reduction in densities in target

areas to a point where control is ineffective.
Thus intermediate rates of spread are likely to
maximize the success of biocontrol (Heimpel and
Asplen 2011; Stimson et al. 2007). Likewise larval
dispersal is an important trait to consider, but is
often overlooked (Burfeind et al. 2009). Dispersal
capacity can range from a few meters in direct
developers to hundreds of kilometres for organisms
with long larval durations (Shanks 2009). As
such, recruitment is not necessarily a density-
dependent process, as in open marine systems
local recruitment is not always related to local
reproductive output and is often influenced by
factors at larger spatial scales (Kinlan et al.
2005). High larval dispersal and low local
recruitment may be a significant limitation for
inoculation-based biocontrol. For example, sea
slugs were evaluated as control agents for the
seaweed Caulerpa taxifolia, but their efficacy
was hindered partly by poor larval retention in
target areas (Thibaut and Meinesz 2000).

Non-target effects

There is a disparity between the amount of
information available on non-target effects in
terrestrial and freshwater biocontrol (Simberloff
2012) compared to marine systems, and the
knowledge is not necessarily transferable (Bax et
al. 2001). Unlike freshwater and terrestrial
ecosystems, that are perceived as relatively
closed, the marine environment is highly inter-
connected and expansive. Population dynamics,
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life-histories, dispersal strategies, interactions and
responses to change are generally different for
marine taxa (Steele 1995). Furthermore, there is
often limited technical information on the biology
and ecology of marine species, which can make
risk assessment of non-target effects difficult
(Barratt et al. 2010). There is a perceived risk
that non-target effects from biocontrol could be
widespread, permanent and irreversible (Secord
2003), thus biocontrol may be less socially
acceptable in marine systems (Selge et al. 2011).
As noted earlier, these views arise from experiences
with adverse impacts of classical biocontrol on
ecological and socio-economic values in terrestrial
environments (van Lenteren 2012).

Conservation or augmentative approaches that
use native control agents seem the most acceptable
option in marine habitats. We consider that
native control agents are highly unlikely to cause
negative non-target effects on a scale comparable
to classical biocontrol. For example, if the
biocontrol agent is widespread and abundant, the
issue of its reproduction and spread from areas
of enhancement is relatively trivial. In this respect,
the greatest capacity for non-target effects occurs
at the immediate scale of the control operation.
Accordingly, non-target effects in early eradication
applications are likely to be of limited concern,
as the targeted areas are generally very restricted.
The example described earlier that used sea
urchins as part of an eradication programme for
the invasive kelp Undaria pinnatifida (Atalah et
al. 2013b) led to pronounced non-target effects
on benthic native diversity. However, these
effects were localised and temporary; over time
the urchin densities were expected to decline to
background levels, or could alternatively be
reduced by deliberate removal. In that situation,
the non-target effects arguably outweighed the
irreversible and more profound impacts predicted
to result from the establishment of U. pinnatifida.

Additionally, distinction needs to be made in
terms of the species and habitats that are potentially
affected by non-target effects of biocontrol. For
example, special consideration may need to be
given to non-target effects on endangered species
or habitats, or species that provide crucial ecosystem
services or are commercially important. By
contrast, in artificial or highly-modified habitats
where many high profile marine pests are first
discovered, concerns around non-target effects
are of minor relevance. The only exception
would be the case of artificial habitats in an
aquaculture situation, where the potential for
non-target effects may need evaluation; for
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instance, a predatory biocontrol agent may have
the capacity to consume cultured shellfish spat or
crops. There is also potential for marine biocontrol
agents to be intermediate hosts of parasites or
diseases of aquaculture species. Thus, careful
screening for the risk of parasite and disease
transmission from biocontrol agents to farmed
species is advised.

There is a clear need to improve the
understanding and assessment of the risk of
significant non-target impacts to increase social
acceptability; and the economic and environmental
benefits of biocontrol, while mitigating risk.
Potential approaches for assessing and predicting
non-target effects of marine biocontrol agents
include laboratory and field manipulative experi-
ments, ecological modelling and risk assessment
(Babendreier et al. 2005).

Is there a way forward for marine biocontrol?

The efficacy of pest control in marine systems
has to date been constrained by a lack of tools
that are not only highly effective, but also
applicable across broad spatial scales. Recent
studies have demonstrated that many marine pests
are highly amenable to augmentative biocontrol
using indigenous agents; however, there remains
a need to advance promising small-scale research
or field applications to a point where they become
more operationally feasible and routinely used.
There is a need to tailor biocontrol approaches to
specific-situations, consider the efficacy of combi-
nations of different agents, better understand
minimum control agent densities required to achieve
effective control, and determine the influence of
substratum type, surface orientation and environ-
mental conditions in relation to retention.

We consider that feasible applications of
routine biocontrol will typically be limited to
small spatial scales, except perhaps in specific
applications for aquaculture. In natural ecosystems,
although augmentative biocontrol based on
inundation strategies can be highly effective, this
approach will conceivably be limited by cost and
practicality at spatial scales beyond a few hectares.
The high potential cost of biocontrol based on
inundation reflects the need for repeated and
ongoing efforts to maintain control agent
populations at effective densities. For large-scale
applications it would not be feasible to solely
rely on natural populations (see ‘Selection of
biocontrol agents’ section above). Thus, large-
scale inundation strategies would require
development and improvement of technologies to
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mass produce selected biocontrol agents. This
process could be accompanied by selective breeding
of agents to enhance desirable biocontrol traits.

For local-scale applications that target spatially
restricted areas, augmentative biocontrol has
considerable merit, especially when used in
conjunction with ‘traditional’ approaches for local-
scale management (e.g. physical or chemical
treatments). Biocontrol as a complement to other
management tools has the potential to increase
the likelihood of success of early intervention
and eradication efforts. This is especially true
where biocontrol overcomes the typical limitations
of diver-based approaches (e.g. depth restrictions,
inability to detect cryptic life-stages). In the case
of vector hubs (e.g. a port or marina), one of the
benefits of local- scale population control (even
if eradication has failed) is that it may prevent or
reduce the human-mediated spread of pest
organisms, hence protect coastal ecosystems and
associated values at regional scales (Forrest and
Hopkins 2013).

Despite such benefits, even local scale
applications that require constant maintenance may
lead to considerable cost, hence the merits and
costs of inundation biocontrol would need to be
weighed against the costs of applying traditional
tools. Ongoing interventionist approaches are
arguably likely to be most feasible in aquaculture
situations, as aquaculture facilities get regularly
maintained (e.g. for checks of stock or management
of biofouling). Aquaculture applications also
provide the possibility of co-culture approaches,
whereby the control agent itself has value as an
aquaculture product.

Inoculation strategies would clearly be more
ideal than inundation approaches, given that an
agent could be introduced, and subsequently
reproduce, spread and exert an ongoing effect, at
least at the local scale. However, most indigenous
agents are unlikely to have this potential; it is
more likely that their densities will subside over
time to that which naturally occurs, as noted in
the urchin example described in this paper
(Atalah et al. 2013b). Although non-indigenous
agents theoretically have a capacity to exert
ongoing broad-scale effects via an inoculation
strategy, the associated risk of non-target impacts
in marine systems is likely to be unacceptable.

While inoculation strategies using indigenous
control agents may not have the same efficacy in
marine environments as is apparent in terrestrial
systems, the principle of achieving a ‘self-
sustaining’ control agent population is important,
as it could greatly reduce intervention costs

compared with an inundation approach. For this
reason, we consider that investigation of approaches
that aim to achieve self-sustaining agent populations
is a particularly worthwhile focus in terms of a
way forward. In relation to artificial habitats, the
development of structures that have design features
or properties that facilitate the establishment,
colonisation or retention of native agents, would
be a useful research focus (Airoldi and Bulleri
2011; Firth et al. 2014). Possible approaches for
‘eco-engineering’ of artificial structures include:
incorporation of cages into the structure to retain
biocontrol agents; provision of connections between
structures and the seabed that facilitate access by
mobile invertebrates; and development of materials
with surface properties that serve as cues for the
settlement of control agents. There is scope and
need for fundamental and applied research to
progress such ideas. There is clearly a need to
develop new approaches to protect marine
environments from the negative impact of marine
pests, and biocontrol based on the use of
indigenous species is a promising way forward,
which is worthy of further investigation.

Acknowledgements

We are grateful to three anonymous reviewers whose helpful
comments improved this manuscript. This study was funded by
National Institute of Water and Atmospheric Research (NIWA)
under Coasts and Oceans Research Programme 4 — Marine
Biosecurity (2014/15 SCI).

References

Airoldi L, Bulleri F (2011) Anthropogenic disturbance can
determine the magnitude of opportunistic species responses
on marine urban infrastructures. PLoS ONE 6: 22985,
http://dx.doi.org/10.1371/journal.pone.0022985

Atalah J, Bennett H, Hopkins GA, Forrest BM (2013a) Evaluation
of the sea anemone Anthothoe albocincta as an augmentative
biocontrol agent for biofouling on artificial structures.
Biofouling 29: 559—571, http://dx.doi.org/10.1080/08927014.2013.
789503

Atalah J, Hopkins GA, Forrest BM (2013b) Augmentative
biocontrol in natural marine habitats: persistence, spread and
non-target effects of the sea urchin Evechinus chloroticus.
PLoS ONE 8: ¢80365, http://dx.doi.org/10.1371/journal.pone.008
0365

Atalah J, Newcombe EM, Hopkins GA, Forrest BM (2014)
Potential biocontrol agents for biofouling on artificial
structures. Biofouling 30: 999—1010, http://dx.doi.org/10.1080/
08927014.2014.956734

Babendreier D, Bigler F, Kuhlmann U (2005) Methods used to
assess non-target effects of invertebrate biological control
agents of arthropod pests. Biocontrol 50: 821-870,
http://dx.doi.org/10.1007/s10526-005-3633-3

Barratt B, Howarth F, Withers T, Kean J, Ridley G (2010)
Progress in risk assessment for classical biological control.
Biological Control 52: 245-254, http://dx.doi.org/10.1016/
j.biocontrol.2009.02.012



Bax N, Carlton JT, Mathews-Amos A, Haedrich RL, Howarth
FG, Purcell JE, Rieser A, Gray A (2001) The control of bio-
logical invasions in the world's oceans. Conservation Biology
15:1234-1246, http://dx.doi.org/10.1046/j.1523-1739.2001.99487.x

Bax N, Williamson A, Aguero M, Gonzalez E, Geeves W (2003)
Marine invasive alien species: a threat to global biodiversity.
Marine Policy 27: 313-323, http://dx.doi.org/10.1016/S0308-
597X(03)00041-1

Bellard C, Thuiller W, Leroy B, Genovesi P, Bakkenes M,
Courchamp F (2013) Will climate change promote future
invasions? Global Change Biology 19: 3740-3748,
http://dx.doi.org/10.1111/gcb.12344

Burfeind DD, Tibbetts IR, Udy JW (2009) Grazing rates of Elysia
tomentosa on native and introduced Caulerpa taxifolia.
Hydrobiologia 632: 355-358, http:/dx.doi.org/10.1007/s10750-
009-9845-2

Butler JRA (2002) Wild salmonids and sea louse infestations on
the west coast of Scotland: sources of infection and
implications for the management of marine salmon farms.
Pest Management Science 58: 595-608, http://dx.doi.org/
10.1002/ps.490

Byers JE (2000) Competition between two estuarine snails:
implications for invasions of exotic species. Ecology 81:
1225-1239, http://dx.doi.org/10.1890/0012-9658(2000)081[1225:C
BTESI]2.0.CO;2

Byrme M, Cerra A, Nishigaki T, Hoshi M (1997) Infestation of the
testes of the Japanese sea star Asterias amurensis by the
ciliate Orchitophyra stellarum: A caution against the use of
this ciliate for biological control. Diseases of Aquatic
Organisms 28: 235-239, http://dx.doi.org/10.3354/da0028235

Chambers CB, Ernst I (2005) Dispersal of the skin fluke
Benedenia seriolae (Monogenea: Capsalidae) by tidal
currents and implications for sea-cage farming of Seriola spp.
Aquaculture 250: 60—69, http://dx.doi.org/10.1016/j.aquaculture.
2005.04.061

Clausen CP (1978) Introduced parasites and predators of
arthropod pests and weeds: a world review. Agriculture
Handbook, United States Department of Agriculture 480: 545

Cooper W, Rieske L (2007) Community associates of an exotic
gallmaker, Dryocosmus kuriphilus (Hymenoptera: Cynipi-
dae), in eastern North America. Annals of the Entomological
Society of America 100: 236-244, http://dx.doi.org/10.1603/
0013-8746(2007)100[236:CAOAEG]2.0.CO;2

Coquillard P, Thibaut T, Hill DRC, Gueugnot J, Mazel C,
Coquillard Y (2000) Simulation of the mollusc Ascoglossa
Elysia subornata population dynamics: application to the
potential biocontrol of Caulerpa taxifolia growth in the
Mediterranean Sea. Ecological Modelling 135: 1-16,
http://dx.doi.org/10.1016/S0304-3800(00)00342-2

Costello MJ (2009) The global economic cost of sea lice to the
salmonid farming industry. Journal of Fish Diseases 32:
115-118, http://dx.doi.org/10.1111/1.1365-2761.2008.01011.x

Dumont CP, Urriago JD, Abarca A, Gaymer CF, Thiel M (2009)
The native rock shrimp Rhynchocinetes typus as a biological
control of fouling in suspended scallop cultures. Aquaculture
292: 74-79, http://dx.doi.org/10.1016/j.aquaculture.2009.03.044

Eilenberg J, Hajek A, Lomer C (2001) Suggestions for unifying
the terminology in biological control. Biocontrol 46: 387—
400, http:/dx.doi.org/10.1023/A:1014193329979

Enright C, Krailo D, Staples L, Smith M, Vaughan C, Ward D,
Gaul P, Borgese E (1984) Biological control of fouling algae
in oyster aquaculture. Journal of Shellfish Research 3: 41-44

Epelbaum A, Pearce C, Barker D, Paulson A, Therriault T (2009)
Susceptibility of non-indigenous ascidian species in British
Columbia (Canada) to invertebrate predation. Marine Biology
156: 1311-1320, http://dx.doi.org/10.1007/s00227-009-1172-7

Falk-Petersen J, Bohn T, Sandlund OT (2006) On the numerous
concepts in invasion biology. Biological Invasions 8: 1409—
1424, http://dx.doi.org/10.1007/s10530-005-0710-6

10

J. Atalah et al.

Firth LB, Thompson RC, Bohn K, Abbiati M, Airoldi L, Bouma
TJ, Bozzeda F, Ceccherelli VU, Colangelo MA, Evans A,
Ferrario F, Hanley ME, Hinz H, Hoggart SPG, Jackson JE,
Moore P, Morgan EH, Perkol-Finkel S, Skov MW, Strain
EM, van Belzen J, Hawkins SJ (2014) Between a rock and a
hard place: Environmental and engineering considerations
when designing coastal defence structures. Coastal
Engineering 87: 122—135, http://dx.doi.org/10.1016/j.coastaleng.
2013.10.015

Fitridge I, Dempster T, Guenther J, Nys Rd (2012) The impact
and control of biofouling in marine aquaculture: a review.
Biofouling 28: 649-669, http://dx.doi.org/10.1080/08927014.
2012.700478

Floerl O, Inglis GJ (2005) Starting the invasion pathway: the
interaction between source populations and human transport
vectors. Biological Invasions 7. 589—606, http://dx.doi.org/
10.1007/s10530-004-0952-8

Floerl O, Inglis GJ, Dey K, Smith A (2009) The importance of
transport hubs in stepping-stone invasions. Journal of
Applied Ecology 46: 37-45, http:/dx.doi.org/10.1111/.1365-
2664.2008.01540.x

Forrest BM, Gardner JPA, Taylor MD (2009) Internal borders for
managing invasive marine species. Journal of Applied Eco-
logy 46:46—54, http://dx.doi.org/10.1111/j.1365-2664.2008.01544.x

Forrest BM, Hopkins GA (2013) Population control to mitigate
the spread of marine pests: insights from management of the
Asian kelp Undaria pinnatifida and colonial ascidian
Didemnum vexillum. Management of Biological Invasions 4:
317-326, http://dx.doi.org/10.3391/mbi.2013.4.4.06

Garcia-Llorente M, Martin-Lépez B, Gonzalez JA, Alcorlo P,
Montes C (2008) Social perceptions of the impacts and
benefits of invasive alien species: Implications for
management. Biological Conservation 141: 2969-2983,
http://dx.doi.org/10.1016/j.biocon.2008.09.003

Glasby TM, Connell SD, Holloway MG, Hewitt CL (2007)
Nonindigenous biota on artificial structures: could habitat
creation facilitate biological invasions? Marine Biology 151:
887—-895, http://dx.doi.org/10.1007/300227-006-0552-5

Goddard JH, Torchin ME, Kuris AM, Lafferty KD (2005) Host
specificity of Sacculina carcini, a potential biological control
agent of the introduced European green crab Carcinus
maenas in California. Biological Invasions 7: 895-912,
http://dx.doi.org/10.1007/s10530-003-2981-0

Gregory MR (2009) Environmental implications of plastic debris
in marine settings—entanglement, ingestion, smothering,
hangers-on, hitch-hiking and alien invasions. Philosophical
Transactions of the Royal Society B: Biological Sciences 364:
2013-2025, http://dx.doi.org/10.1098/rstb.2008.0265

Hajek AE (2004) Natural enemies: An introduction to biological
control. Cambridge University Press, Cambridge, UK, 378 pp

Heimpel G, Asplen M (2011) A ‘Goldilocks’ hypothesis for
dispersal of biological control agents. BioControl 56: 441—
450, http://dx.doi.org/10.1007/s10526-011-9381-7

Hewitt CL, Campbell ML (2007) Mechanisms for the prevention
of marine bioinvasions for better biosecurity. Marine
Pollution Bulletin 55: 395-401, http://dx.doi.org/10.1016/j.mar
polbul.2007.01.005

Hewitt CL, Campbell ML, McEnnulty F, Moore KM, Murfet NB,
Robertson B, Schaffelke B (2005) Efficacy of physical
removal of a marine pest: the introduced kelp Undaria
pinnatifida in a Tasmanian Marine Reserve. Biological Inva-
sions 7: 251-263, http://dx.doi.org/10.1007/s10530-004-0739-y

Hoddle MS (2004) Restoring balance: using exotic species to
control invasive exotic species. Conservation Biology 18:
38-49, http://dx.doi.org/10.1111/§.1523-1739.2004.00249.x

Hoddle MS, Ramirez CC, Hoddle CD, Loayza J, Lincango MP,
Van Driesche RG, Causton CE (2013) Post release evaluation
of Rodolia cardinalis (Coleoptera: Coccinellidae) for control
of Icerya purchasi (Hemiptera: Monophlebidae) in the



Marine biocontrol

Galapagos Islands. Biological Control 67: 262-274,
http://dx.doi.org/10.1016/j.biocontrol.2013.08.010

Hunt L, Chadderton L, Stuart M, Cooper S, Carruthers M (2009)
Results of an attempt to control and eradicate Undaria
pinnatifida in Southland, New Zealand, April 1997 -
November 2004. Department of Conservation, Invercargill,
New Zealand, 48 pp

Johnston EL, Piola RF, Clark G (2009) The role of propagule
pressure in invasion success. In: Rilov G, Crooks JA (eds),
Biological invasions in marine ecosystems: Ecological,
management, and geographic perspectives. Springer-Verlag,
Berlin Heidelberg, pp 133-151

Kapuscinski A, Sharpe L (2014) Introduction: genetic biocontrol
of invasive fish species. Biological Invasions 16: 1197—-1200,
http://dx.doi.org/10.1007/s10530-014-0681-6

Kinlan BP, Gaines SD, Lester SE (2005) Propagule dispersal and
the scales of marine community processes. Diversity and
Distributions 11: 139—148, http://dx.doi.org/10.1111/j.1366-9516.
2005.00158.x

Kristoffersen AB, Rees EE, Stryhn H, Ibarra R, Campisto JL,
Revie CW, St-Hilaire S (2013) Understanding sources of sea
lice for salmon farms in Chile. Preventive Veterinary
Medicine 111: 165-175, http://dx.doi.org/10.1016/j.prevetmed.
2013.03.015

Kuhar TP, Barlow VM, Hoffmann MP, Fleischer SJ, Groden E,
Gardner J, Hazzard R, Wright MG, Pitcher SA, Speese J,
Westgate P (2004) Potential of Trichogramma ostriniae
(Hymenoptera: Trichogrammatidae) for biological control of
European cormn borer (Lepidoptera: Crambidae) in
solanaceous crops. Journal of Economic Entomology 97:
1209-1216, http://dx.doi.org/10.1603/0022-0493-97.4.1209

Lafferty KD, Kuris AM (1996) Biological control of marine pests.
Ecology 77: 1989-2000, http://dx.doi.org/10.2307/2265695

Landis DA, Wratten SD, Gurr GM (2000) Habitat management to
conserve natural enemies of arthropod pests in agriculture.
Annual Review of Entomology 45: 175-201, http://dx.doi.org/
10.1146/annurev.ento.45.1.175

Lodeiros C, Garcia N (2004) The use of sea urchins to control
fouling during suspended culture of bivalves. Aquaculture
231: 293-298, http://dx.doi.org/10.1016/j.aquaculture.2003.10.022

Mack RN, Simberloff D, Mark Lonsdale W, Evans H, Clout M,
Bazzaz FA (2000) Biotic invasions: causes, epidemiology,
global consequences, and control. Ecological Applications
10: 689710, http://dx.doi.org/10.1890/1051-0761(2000)010[0689:
BICEGC]2.0.CO;2

Magarey RD, Colunga-Garcia M, Fieselmann DA (2009) Plant
biosecurity in the United States: roles, responsibilities, and
information needs. Bioscience 59: 875-884, http://dx.doi.org/
10.1525/b10.2009.59.10.9

Mumby PJ, Harborne AR, Brumbaugh DR (2011) Grouper as a
natural biocontrol of invasive lionfish. PLoS ONE 6: ¢21510,
http://dx.doi.org/10.1371/journal.pone.0021510

Osman RW, Whitlatch RB (1995) Predation on early ontogenetic
life-stages and its effect on recruitment into a marine
community. Marine Ecology Progress Series 117: 111-126,
http://dx.doi.org/10.3354/meps117111

Paetzold SC, Giberson DJ, Hill J, Davidson JDP, Davidson J
(2012) Effect of colonial tunicate presence on Ciona
intestinalis recruitment within a mussel farming environment.
Management  of  Biological  Invasions 3: 15-23,
http://dx.doi.org/10.3391/mbi.2012.3.1.02

Piola RF, Denny CM, Forrest BM, Taylor MD (2009) Marine
biosecurity: management options and response tools. In:
Williams PA, Clout MN (eds), Invasive species management:
A handbook of principles and techniques. Oxford University
Press, United Kingdom, pp 205-231

Piola RF, Johnston EL (2008) Pollution reduces native diversity
and increases invader dominance in marine hard-substrate
communities. Diversity and Distributions 14: 329-342,
http://dx.doi.org/10.1111/j.1472-4642.2007.00430.x

Rejmanek M, Pitcairn M (2002) When is eradication of exotic
pest plants a realistic goal? In: Veitch C, Clout M (eds),
Turning the tide: the eradication of invasive species:
Proceedings of the International Conference on Eradication
of Island Invasives. IUCN in collaboration with the IUCN/
SSC Invasive Species Specialist Group, Gland, Switzerland,
pp 414

Rosen D (1990) Armored scale insects: their biology, natural
enemies and control. Elsevier Science Publishers,
Pennsylvania State University, pp 688

Ross KA, Thorpe JP, Brand AR (2004) Biological control of
fouling in suspended scallop cultivation. Aquaculture 229:
99-116, http://dx.doi.org/10.1016/S0044-8486(03)00328-4

Ruiz GM, Carlton JT, Grosholz ED, Hines AH (1997) Global
invasions of marine and estuarine habitats by non-indigenous
species: mechanisms, extent, and consequences. American
Zoologist 37: 621-632

Ruiz GM, Fofonoff P, Hines AH, Grosholz ED (1999) Non-
indigenous species as stressors in estuarine and marine
communities: Assessing invasion impacts and interactions.
Limnology and Oceanography 44: 950-972, http://dx.doi.org/
10.4319/10.1999.44.3 part 2.0950

Ruiz GM, Freestone AL, Fofonoff PW, Simkanin C (2009)
Habitat distribution and heterogeneity in marine invasion
dynamics: the importance of hard substrate and artificial
structure. In: Rilov G, Crooks JA (eds), Biological Invasions
in Marine Ecosystems: Ecological, Management, and Geo-
graphic Perspectives. Springer-Verlag, Berlin Heidelberg, pp
321-332

Ryan R (1990) Evaluation of biological control: introduced
parasites of larch casebearer (Lepidoptera: Coleophoridae) in
Oregon. Environmental Entomology 19: 1873—1881

Sambrook K, Holt RHF, Sharp R, Griffith K, Roche RC,
Newstead RG, Wyn G, Jenkins SR (2014) Capacity,
capability and cross-border challenges associated with marine
eradication programmes in FEurope: The attempted
eradication of an invasive non-native ascidian, Didemnum
vexillum in Wales, United Kingdom. Marine Policy 48: 51—
58, http://dx.doi.org/10.1016/j.marpol.2014.03.018

Secord D (2003) Biological control of marine invasive species:
cautionary tales and land-based lessons. Biological Invasions
5: 117-131, http://dx.doi.org/10.1023/A:1024054909052

Selge S, Fischer A, van der Wal R (2011) Public and professional
views on invasive non-native species — A qualitative social
scientific investigation. Biological Conservation 144: 3089—
3097, http://dx.doi.org/10.1016/j.biocon.2011.09.014

Shanks AL (2009) Pelagic larval duration and dispersal distance
revisited. Biological Bulletin 216: 373-385

Shoresh M, Harman GE, Mastouri F (2010) Induced systemic
resistance and plant responses to fungal biocontrol agents.
Annual Review of Phytopathology 48: 21-43, http://dx.doi.org/
10.1146/annurev-phyto-073009-114450

Simberloff D (2012) Risks of biological control for conservation
purposes. Biocontrol 57: 263-276, http://dx.doi.org/10.1007/
$10526-011-9392-4

Skiftesvik AB, Bjelland RM, Durif CMF, Johansen IS, Browman
HI (2013) Delousing of Atlantic salmon (Salmo salar) by
cultured vs. wild ballan wrasse (Labrus bergylta).
Aquaculture 402: 113—118, http://dx.doi.org/10.1016/j.aquacultu
re.2013.03.032

Stabili L, Schirosi R, Licciano M, Mola E, Giangrande A (2010)
Bioremediation of bacteria in aquaculture waste using the
polychaete Sabella spallanzanii. New Biotechnology 27:
774781, http://dx.doi.org/10.1016/j.nbt.2010.06.018

Stachowicz JJ, Byrnes JE (2006) Species diversity, invasion
success, and ecosystem functioning: disentangling the
influence of resource competition, facilitation, and extrinsic
factors. Marine Ecology Progress Series 311: 251-262,
http://dx.doi.org/10.3354/meps311251

11



Stachowicz JJ, Whitlatch RB, Osman RW (1999) Species
diversity and invasion resistance in a marine ecosystem.
Science 286: 1577-1579, http://dx.doi.org/10.1126/science.286.
54441577

Steele JH (1995) Can Ecological Concepts Span the Land and
Ocean Domains? In: Powell TM, Steele JH (eds), Ecological
Time Series. Springer US, pp 5-19

Stimson J, Cunha T, Philippoff J (2007) Food preferences and
related behavior of the browsing sea urchin Tripneustes
gratilla (Linnaeus) and its potential for use as a biological
control agent. Marine Biology 151: 1761-1772, http://dx.doi.
org/10.1007/s00227-007-0628-x

Switzer SE, Therriault TW, Dunham A, Pearce CM (2011)
Assessing potential control options for the invasive tunicate
Didemnum vexillum in shellfish aquaculture. Aquaculture
318: 145-153, http://dx.doi.org/10.1016/j.aquaculture.2011.04.044

Thibaut T, Meinesz A (2000) Are the Mediterranean ascoglossan
molluscs Oxynoe olivacea and Lobiger serradifalci
suitable agents for a biological control against the invading
tropical alga Caulerpa taxifolia? Comptes Rendus de
l'"Académie des Sciences-Series III-Sciences de la Vie 323:
477-488, http://dx.doi.org/10.1016/S0764-4469(00)00151-7

Thresher R, Proctor C, Ruiz G, Gurney R, MacKinnon C, Walton
W, Rodriguez L, Bax N (2003) Invasion dynamics of the
European shore crab, Carcinus maenas, in Australia. Marine
Biology 142: 867-876

12

J. Atalah et al.

Thresher RE, Hayes K, Bax NJ, Teem J, Benfey TJ, Gould F
(2014) Genetic control of invasive fish: technological options
and its role in integrated pest management. Biological
Invasions 16: 1201-1216, http:/dx.doi.org/10.1007/s10530-013-
0477-0

Treasurer JW (2005) Cleaner fish: a natural approach to the
control of sea lice on farmed fish. Veterinary Bulletin 75: 17—
29

Trussell GC (1997) Phenotypic plasticity in the foot size of an
intertidal snail. Ecology 78: 1033—-1048, http://dx.doi.org/10.
1890/0012-9658(1997)078[1033:PPITFS]2.0.CO;2

Trussell GC, Johnson AS, Rudolph SG, Gilfillan ES (1993)
Resistance to dislodgment - habitat and size-specific
differences in morphology and tenacity in an intertidal snail.
Marine Ecology Progress Series 100: 135-144, http://dx.doi.
org/10.3354/meps100135

van Lenteren JC (2012) The state of commercial augmentative
biological control: Plenty of natural enemies, but a frustrating
lack of uptake. BioControl 57: 1-20, http:/dx.doi.org/10.
1007/510526-011-9395-1



