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Abstract The global decline in coral reefs demands
urgent management strategies to protect resilience. Protecting ecological connectivity, within and among reefs,
and between reefs and other ecosystems is critical to
resilience. However, connectivity science is not yet able to
clearly identify the specific measures for effective protection of connectivity. This article aims to provide a set of
principles or practical guidelines that can be applied currently to protect connectivity. These ‘rules of thumb’ are
based on current knowledge and expert opinion, and on the
philosophy that, given the urgency, it is better to act with
incomplete knowledge than to wait for detailed understanding that may come too late. The principles, many of
which are not unique to connectivity, include: (1) allow
margins of error in extent and nature of protection, as
insurance against unforeseen or incompletely understood
threats or critical processes; (2) spread risks among areas;
(3) aim for networks of protected areas which are: (a)

comprehensive and spread—protect all biotypes, habitats
and processes, etc., to capture as many possible connections, known and unknown; (b) adequate—maximise
extent of protection for each habitat type, and for the entire
region; (c) representative—maximise likelihood of protecting the full range of processes and spatial requirements;
(d) replicated—multiple examples of biotypes or processes
enhances risk spreading; (4) protect entire biological units
where possible (e.g. whole reefs), including buffers around
core areas. Otherwise, choose bigger rather than smaller
areas; (5) provide for connectivity at a wide range of dispersal distances (within and between patches), emphasising
distances \20–30 km; and (6) use a portfolio of approaches, including but not limited to MPAs. Three case studies
illustrating the application of these principles to coral reef
management in the Bohol Sea (Philippines), the Great
Barrier Reef (Australia) and Kimbe Bay (Papua New
Guinea) are described.
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Introduction
The catastrophic decline in the world’s coral reefs (Pandolfi
et al. 2003; Hoegh-Guldberg 2004; Wilkinson 2004)
demands urgent management responses on two fronts:
reduction of immediate direct threats such as climate
change, over-fishing and water pollution, and actions to
protect or enhance the resilience of reef ecosystems in the
face of existing and unavoidable future threats (Allison
et al. 1998; Hughes et al. 2003; Bellwood et al. 2004). Much
has been written about the factors that contribute to ecosystem resilience (e.g. Scheffer et al. 2001; Elmqvist et al.
2003; McCook et al. 2007) and in some cases, the appropriate management responses are relatively straightforward
and feasible (at least in theory; West and Salm 2003;
McCook et al. 2007). For example, the need to maintain
biodiversity or trophic structure can be addressed, in part,
by preventing destructive or excessive fishing. However,
the management actions required to protect other aspects of
resilience are not as clear or feasible. In particular, there is
ample evidence that resilient marine ecosystems require
intact biological and ecological connectivity, to allow
reseeding of populations after disturbances (Hughes et al.
2003; Jones et al. 2007; Birrell et al. 2008), and to maintain
intact life cycles, trophic or biogeochemical connections
(e.g. Nagelkerken et al. 2001; Dorenbosch et al. 2007; Jones
et al. 2007; Almany et al. 2009; Botsford et al. 2009). While
current scientific knowledge indicates a need to maintain
and understand the natural patterns of connectivity, the
existing knowledge is far from sufficient to provide clear
strategies for how to directly, adequately and realistically
provide that protection. This remains a critical gap in our
knowledge of how to manage for resilience on coral reefs:
how should reef managers protect ecological connectivity?
Ecological connectivity is critically important to the
resilience of populations inhabiting coral reefs habitats and
other ecosystems to which they are linked (Roberts 1997;
Nyström and Folke 2001; McCook et al. 2007). The
capacity of reefs to recover after disturbances or reorganise
in the face of new stresses depends critically on the supply
of larvae or propagules available to reseed populations of
key organisms, such as fish and corals (Roberts 1997;
Hughes and Tanner 2000; Birrell et al. 2008). Even if a
particular reef is well protected and soundly managed,
alterations in the surrounding seascape may erode resilience if the supply of recruits for ecologically important
organisms, such as reef-building corals, is reduced
(McClanahan et al. 2002). Maintenance of connectivity is
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not only important for the maintenance of biodiversity and
ecological integrity, but also for fisheries and other goods
and services provided by ecosystems.
This article aims to combine emerging scientific information with lessons learned from practical experience in
managing coral reefs in order to provide a set of practical
recommendations for how reef managers can best protect
ecological connectivity. Lessons are drawn from case studies
of the Bohol Sea in the Philippines, the Great Barrier Reef
(GBR) in Australia, and Kimbe Bay in Papua New Guinea.
The scope of the article includes ecological connectivity
in the broadest sense (e.g. review by Cappo and Kelly 2001),
but does not include connections between human and
ecological systems, despite their importance. Resilient ecosystems need to maintain connectivity within and between
habitat patches of the same type (e.g. dispersal of fish and
coral larvae between reefs, seed dispersal between seagrass
beds) as well as connectivity between habitat types (e.g.
between reefs and seagrass beds or mangroves) (Cappo and
Kelly 2001; Mumby 2006; Mumby and Hastings 2008).
Management options should not be limited to spatial management approaches, such as no-take areas, but should
include any initiatives or actions that would enhance the
protection of biological and ecological connectivity (e.g.
temporal closures, management of runoff). In the context of
networks of marine protected areas (MPAs), connections
both between protected areas and between the protected areas
and the rest of the ecosystem are sought (note that in this
article, MPA is used in the broad sense to include a range of
degrees of protection, including but not limited to no-take
areas). For example, protection of a large proportion of the
Great Barrier Reef in no-take zones was aimed not just at
protecting biodiversity within the no-take zones, but also was
aimed at benefiting the overall ecosystem, including areas
outside the no-take zones (Fernandes et al. 2005). Finally,
while the scope of this article is limited to protecting connectivity specifically, it is important to recognise that these
goals must still be integrated with adequate protection of
other elements of resilience (West and Salm 2003; McCook
et al. 2007). Thus, for example, it is critical that larvae have
suitable habitat to settle and grow once they reach a new reef
or habitat (e.g. Birrell et al. 2008; Steneck et al. 2009).

From science to management practice: the challenge
of ‘How?’
The value of protecting ecological connections has long
been recognised in both scientific recommendations (e.g.
James et al. 1990; Day and Laffoley 2006) and in management objectives (see Case Studies). Management
agencies are generally aware of the value of protecting
connectivity; the major challenge is to identify specific
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actions or measures that will provide that protection. In
few, if any, cases is current scientific information sufficient
to know how to ensure maintenance of even limited aspects
of connectivity. For example, population replenishment in
marine systems is predominantly a function of the dispersal
of planktonic larvae, and tracking these larvae to directly
measure connectivity is either difficult and expensive or
impossible (Levin 2006; Thorrold et al. 2006).
The science of population connectivity on reefs is
advancing rapidly, and in doing so, it is overturning many
previous assumptions and ideas (Cowen et al. 2007; Jones
et al. 2009). For example, brooding corals, widely presumed
not to disperse very far, do exhibit occasional long-distance
dispersal (Underwood et al. 2007). On the other hand, a reef
fish with a pelagic larval duration of over 35 days can
produce many larvae that do not disperse away from their
natal reefs (Almany et al. 2007). Dispersal of reef fish may
be strongly influenced by larval behaviour (Gerlach et al.
2007; Paris et al. 2007), and cannot be considered as passive
particles subject to simple hydrodynamic patterns (Werner
et al. 2007). The emerging science suggests that there is a
wide spread in dispersal distances, both within and among
species, including both a greater level of localised recruitment and dispersal over extremely long distances (Jones
et al. 2009). Connectivity patterns may also vary in different
coral reef settings, depending on the size and degree of
isolation of individual reefs. Inherent stochasticity in
recruitment processes means that even where dispersal
patterns have been documented at one point in time, this
may provide an incomplete picture of temporal variability
in connectivity (Siegel et al. 2008). Furthermore, global
change may considerably alter many of the processes and
drivers that underlie current patterns of connectivity
(O’Connor et al. 2007; Munday et al. 2007, 2009).
It is important to distinguish between demographic (or
ecological) and genetic (or evolutionary) connectivity
(Cowen et al. 2007). In general, ecological connectivity
requires the movement of significant numbers of individuals
on ecological timescales; and hence, within a species, it
occurs over shorter distances than genetic connectivity, which
requires fewer individuals and involves longer time periods.
Thus, estimates of connectivity based on genetic approaches
(Hedgecock et al. 2007) are usually inappropriate for demographic questions (and vice-versa). In general, managers are
concerned with ecological connectivity, such as population
replenishment after losses due to mortality, such as bleaching
or over-fishing. Maintenance of ecological connectivity will
generally also ensure genetic connectivity.
Incorporating population connectivity into management
of reefs and MPA networks requires explicit consideration
of dispersal between network subunits (e.g. protected
reefs). In order to maintain population connectivity for a
broad range of species, MPA networks must cater for a
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variety of dispersal distances, and for distances that change
on a temporal basis. As yet there has not been a complete
description of the dispersal patterns for a single species and
modelling approaches useful for incorporating connectivity
information into MPA network designs cannot be applied
yet (Botsford et al. 2009). Hence, there is limited prospect
in the near future of obtaining sufficient information for the
great variety of coral reef species.
Given the current extent and rate of coral reef degradation, waiting for science to provide all the answers before
implementing management strategies is not an option.
Instead, alternative strategies that anticipate the likely wide
variation in connectivity patterns and provide adequate
protection for them are needed, while also addressing other
important objectives. These strategies should be based on
principles, guidelines or ‘rules of thumb’ that collectively
maximise the probability of successfully achieving a resilient, connected ecosystem with realistic amounts of scientific
information. In the following sections, first broad principles
are considered and then specific measures are aimed at
achieving those principles. Then, three case studies are used
to illustrate their implementation (‘principles’ are used here
to mean guidelines or recommendations, rather than absolute
rules). Many of the principles discussed are not unique or
specific to protecting connectivity and most are widely
accepted to be of value in reserve network design for a range
of reasons (e.g. ANZECC 1998). However, as a package,
these recommendations currently provide the most practical
approaches for maximising connectivity, given the current
state of scientific knowledge.

Broad principles for the protection of connectivity with
limited scientific information
•

•

•

•

Take a system-wide approach that considers patterns
and processes of connectivity, within and among ecosystems, and integrates connectivity with aspects such
as suitability of recruitment habitat, etc.
Protect a network of sites, rather than individual sites,
using appropriately spaced networks of protected areas,
etc., which provide adequate proportional protection
from likely threats (e.g. no-take for fishing pressures;
areas protected from development for tourism, oil or
mining development).
Include in that network, sites that are most likely to
serve as refugia from likely disturbances, providing
sources of propagules to recolonise other sites after
damage (e.g. reefs likely to be protected from coral
bleaching, which may then provide a source of coral
larvae).
Ensure that management strategies, including network
design, consider processes of connectivity, such as
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–

–

–

–

–

Corridors or ‘stepping stones’ which extend the
connections between source and sink reefs or
habitats. In contrast to terrestrial environments,
marine connectivity often does not require contiguous corridors to support connections, provided
stepping stone areas are spaced appropriately to
provide ongoing ecological connections. Spacing of
stepping stones or suitably protected habitat should
include a wide range of distances, ideally providing
an overall frequency distribution of dispersal
distances (i.e. all the distances between all the
components of an MPA network) that is either
fairly uniform (Leis 2006) or similar to the natural
spacing of habitat subunits (Almany et al. 2009);
More isolated sites, for which stepping stones are
not available (e.g. remote oceanic reefs), warrant
higher levels of protection to balance the decreased
connectivity (Almany et al. 2009). Such sites often
have high conservation value, especially where they
harbour endemic species and/or unique assemblages
(Jones et al. 2002; Perez-Ruzafa et al. 2006;
Roberts et al. 2006).
Nesting or spawning sites and times, perhaps
requiring protection or closure of specific sites
and specific times;
Environmental quality of corridors, intermediate
sites or habitats, e.g. adequate water quality and
temperature, nursery sites, etc.;
Physical connectivity, through water currents, etc.
Note, however, that recent science has emphasised
the extent to which larval dispersal is not simply a

Fig. 1 The Blue Highway: a
poster used to effectively
communicate the concepts of
connectivity on the Great
Barrier Reef (www.byoguides.
com/rk/Publications.html; reprinted with permission of the
author, Russell Kelley, and the
Australian Coral Reef Society).
The poster illustrates the journey of the Red Emperor
(Lutjanus sebae) as, at different
stages of their growth and
development, they utilise different habitats across the
continental shelf. Any change in
the natural habitat, such as pollution, can have dramatic effects
elsewhere in this interconnected
system (Cappo and Kelley
2001)
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–

•

•

•

•

passive process, driven by water movement, but is
often strongly influenced by larval behaviour, often
with the effect of reducing dispersal distances;
Migration patterns, including habitats for different
life stages (e.g. fish such as the Red Emperor that
migrates from coastal habitats to reefs, Fig. 1);

Manage non-reserve areas, to ensure intact ecosystem
processes, sustainable fisheries and environmental
quality. This is required to ensure connectivity between
reserve areas, between reserve areas and non-reserve
areas, and to allow for limited subsidies of fisheries
from protected areas. In particular, incorporating both
maximum and minimum size restrictions for target fish
species may dramatically enhance reproductive output
and recruitment, with consequences for larval connectivity (‘slot-limits’, Steneck et al. 2009).
Maximise acquisition and use of existing information to
determine the best configuration, recognising the
potential value of community and traditional knowledge (e.g. local fishers’ knowledge of spawning
aggregations).
Consider small amounts of targeted new research to
acquire key elements of information, but only where
this will have maximal strategic value, and not at the
cost of delaying implementation.
Allow for uncertainty, by precautionary approaches
such as risk spreading and inclusion of margins of
error. Given insufficient science to accurately predict
which reefs or habitat patches will be critical to
connectivity in all future scenarios, we need to increase
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•

•

•

protection levels to increase the probability of successfully protecting the specific patches that will be critical
under a range of possible scenarios. This requires
inclusion of a range of potential source reefs, corridors,
etc., not just the currently relevant ones, to provide a
margin of insurance. This is perhaps the most important
principle, and to some extent requires a reversal of the
burden of proof: a particular site should be assumed
important until proven unlikely to be so.
Allow for review and flexible adaptive management, as
new information and understanding of connectivity
emerges, including the critical capacity to learn from
current management outcomes. Coral reefs and other
tropical marine environments are highly dynamic
systems, increasingly so under global change (Munday
et al. 2009), and connectivity science is a rapidly
developing field, so that management responses to
emerging information must also develop. In particular:
Ensure readiness to respond to events by adaptively
modifying and enhancing protection (e.g. responding to
potential mass coral bleaching events by increasing
protection in response to temperature stresses, etc.);
Communicate the importance of connectivity to stakeholders and policy makers. Connectivity is more
abstract and less immediately apparent than many
aspects of resilience protection; yet, experience has
shown that the concept is readily embraced if well
communicated (e.g. Fig. 1).
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•

Specific recommendations: what should management
actually do?!
Given present limitations in even defining specific goals for
protecting connectivity, and the need for risk-spreading
strategies which maximise the likelihood of capturing asyet-unknown connections, one of the most effective
approaches is to aim for networks of protected areas which
are comprehensively spread across the area of concern,
adequate, representative (CAR, ANZECC TFMPA 1998)
and replicated. As with most of the listed strategies, these
principles are of wide relevance to conservation management, and not limited to protecting connectivity.
•

Comprehensive and spatially spread: include protection
for all major biological regions or habitat types, and
processes, etc., spatially spread across geographic
zones (encompassing gradients such as latitude,
inshore–offshore location, depth and influences such
as upwellings or river runoff). This is critical for
connectivity between different habitat types and
regions (e.g. protection of inshore nursery habitats as

•

well as habitats for mature fish, Fig. 1). Protecting the
full range of ecosystems or habitats maximises the
likelihood of capturing the full range of connections
between them, including especially connections which
are not yet recognised or appreciated. Ideally, this
criterion should be based on the prior identification of
biological regions or ‘bioregions’ that incorporate all
available data on physical and biodiversity patterns,
and geographic gradients (latitude, cross-shelf positions, depth, etc.). The term ‘bioregion’, as used during
rezoning of the GBR, referred to spatially contiguous
regions of similar biological composition, but incorporates geographic location and gradients, and is thus
more specific than simple habitat types. This specificity
is important for enhancing comprehensive representation. However, even simple approaches, such as
systematically protecting examples of inshore, midshelf and offshore areas, and of the full range of
bathymetric and latitudinal gradients, increase the
probability of capturing as many connections as
possible.
Adequate: Ensure a sufficient total proportion, configuration and level of protection for each bioregion or
habitat type. Recent precedents have aimed for a
minimum of 20% by area of each bioregion (Airamé
et al. 2003; Fernandes et al. 2005). However, emerging
information on the increased threats due to climate
change, along with modelling work (Botsford et al. 2009)
suggest that this level should be increased to 30–40% and
Almany et al. (2009) also suggest greater protection for
isolated reefs or habitats. In the context of connectivity,
adequacy is important to increase the probability of
sufficient connectivity (e.g. likelihood of capturing
relevant sources of propagules, and providing sufficient, appropriate habitat for recruitment). Reef
management should explicitly consider adequacy in
this context. Further, adequacy is not simply a matter of
proportional target areas, but must incorporate configuration and type/level of protection provided within
protected areas. Importantly, adequacy requires consideration of the uncertainty and need for risk
spreading: if we could accurately predict with certainty
the key reef or patches which may be critical as future
sources of propagules, we could protect them specifically. The margins of error in our knowledge of
connectivity require that we avoid placing all our eggs
in a few baskets, and provide margins of insurance in the
adequacy of protection.
Representative: Within bioregions or habitat types, it is
important to ensure protection for areas which are
representative of the full range of biological and physical
characteristics and processes, again to maximise the
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likelihood of capturing the full range of processes and
spatial requirements.
Replication: Ensuring multiple or replicated examples
of each bioregion, habitat type or process is also critical
to risk spreading, again providing a margin of error
against the unpredictability of damage and disturbance
to specific sites or patches.

Case studies
The following three case studies provide contrasting
illustrations of how these principles have been applied in
different geographic settings and socioeconomic circumstances in the West Pacific (Fig. 2).
Bohol Sea, southern Philippines

Other strategies
•

•

•

•

•

Where possible, protect entire biological units (e.g.
whole reefs, seamounts, seagrass beds) within the same
level of protection, avoiding splitting units into different zones, and including a buffer zone of intermediate
protection around the core area of interest. The significance for connectivity here is to maintain local scale
connections (e.g. within reefs).
Where entire biological units cannot be included,
choose bigger rather than smaller areas (this may be
more appropriate where community livelihoods or
benefits would be seriously compromised by protecting
an entire reef).
Networks should aim to include protected areas that
provide for a wide range of dispersal distances between
protected areas (including dispersal within the same
reserve), but particularly ensuring protection for dispersal distances up to 10–20 km (at most 30 km), as the
maximum distance between nearest stepping stones.
Recent research suggests that distances less than this
are very important for dispersal to several species of
reef fish (Almany et al. 2007; also Shanks et al. 2003)
and corals (Jones et al. 2009), and that dispersal over
larger distances is more limited and may require
‘stepping stones’ to maintain connectivity. Shorter
dispersal distances are often provided by dispersal
within the borders of individual reserves. Within
networks, dispersal distances greater than 10–20 km
are generated automatically by multiples of this maximum spacing between neighbouring reserves. The
longest distances between components within a network will likely depend on political boundaries, but
should not be limited by present day biogeographic
patterns, as these are likely to change in response to
climate change.
Review all available information, including non-scientific information, to manually check inclusion of key
areas, sites, events or processes (e.g. spawning
aggregations).
Include review by experts and community stakeholders.
Flexible application of a range of knowledge provides
more flexibility and acceptance in handling the uncertainty than rigid implementation of narrowly specified
rules.
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This case history draws on experiences in establishing a
network of no-take reserves in the Bohol Sea, southern
Philippines over a period of 35 years (see Alcala and Russ
2006), and the relatively recent steps taken to incorporate
emerging information on larval connectivity information
into the establishment process. The Philippines is a
developing nation in the tropical Indo-West Pacific, close
to the centre of marine biodiversity (Fig. 2). Despite the
incredible productivity and richness of the natural resources of the Philippines, they are under substantial pressure
from a rapidly growing human population (2.4% per
annum) and widespread poverty (Alcala and Russ 2006).
Table 1 indicates that relatively few of the broad or
specific principles for protecting connectivity were initially
applied during establishment and development of the Bohol
Sea Marine Reserve Network, but that in retrospect, the
cumulative outcomes have been relatively successful. The
first two no-take reserves in the southern Philippines
(Sumilon, Apo) were established with the objectives of
conserving coral reef habitats and enhancing the sustainability of reef fisheries. They were not originally considered,
nor designed, as the first of a network of such reserves across
the Bohol Sea. Their objectives had a strong local focus, to
enhance the local fishing communities near the reserves.
Ironically, however, connectivity was a key aspect of the
expectations of the reserves that proved vital in gaining
initial community support for the no-take reserves. Angel
Alcala, in the first meetings with local fishing communities
in 1973 (Sumilon) and 1976 (Apo), stressed the possibility
of improved fish catch near the reserve boundaries due to
adult ‘spillover’ (Alcala and Russ 2006). Over time, the
major economic and social benefit to the local communities
has proven to be enhanced income from tourism generated
by the reserves.
The establishment of the network of more than 60 notake reserves in the Bohol Sea (see Fig. 5 in Alcala and
Russ 2006) could be described in three steps:
1.

Identify the best way to establish individual reserves to
ensure their long-term protection: A ‘communitybased’ management approach involved stakeholders
in the process of reserve establishment from the very
beginning. This process was vital in fostering a sense of
ownership of the reserves, and in empowering the local

Coral Reefs (2009) 28:353–366

359

Fig. 2 Map of the West Pacific
showing the locations of three
case studies of marine
management plans
incorporating connectivity in
coral reef ecosystems: the Bohol
Sea, Philippines; Kimbe Bay,
Papua New Guinea; and the
Great Barrier Reef, Australia

2.

fishing communities to take control of their own
destinies, by encouraging formation of local marine
management committees and establishing local government legislation to protect reserves (Alcala and Russ
2006). Current laws allow for co-management between
local and national governments of marine resources up
to 15 km off the coast, so this process of establishment
of reserves also empowered coastal communities.
Establish reserves spread over the entire area of
interest (the Bohol Sea). Once the mechanism of reserve
establishment was determined, reserves were set up by
as many local communities as possible, and efforts were
spread across as wide an area as possible. This addresses
geographic comprehensiveness and spread, and replication, but may not address comprehensiveness of
habitats. In terms of adequacy, local protection in notake reserves was generally on the order of 10–25% of
the local fishing area, but over the wider expanse of the
Bohol Sea, the amount of protection in no-take reserves
is far less. The amount of area protected and the choice
of sites (representation) are determined by what area
the local communities are prepared to set aside as notake area. Thus, the specific principles of Comprehensive and spread, Adequate, and Representative (CAR;

3.

see Table 1) were driven primarily by what local
stakeholders were willing to commit (and thus support
in the long-term). If emerging scientific information
suggests that the current extent or representation of
reserves is not adequate, this information can be put to
stakeholders during further consultations. In the Bohol
Sea network, the people are driving the CAR, rather
than the CAR driving the people.
Build connectivity information into the network design
as that information emerges. Although reserves were
established with local objectives in mind, local communities were encouraged to set up reserves across as
wide a spread of the Bohol Sea as possible, reflecting
‘broad brush’ ideas about potential larval connectivity
based on large scale descriptions of the currents in the
Bohol Sea (see Fig. 5 in Alcala and Russ 2006).
Subsequent steps to incorporate connectivity information into the design of the Bohol Sea network included
(in no particular order):
•

•

Establish and map patterns of biogeographic
biodiversity of reef fish and corals. (e.g. Russ
et al. 2005).
Map patterns of reef usage.

123

360

Coral Reefs (2009) 28:353–366

Table 1 Summary of case studies of principles for protecting connectivity in coral reef ecosystems
Guidelines

Bohol Sea, Philippines

Great Barrier Reef, Australia

Kimbe Bay, Papua New Guinea

Broad principles for protecting connectivity
System-wide approach

Limited: coral reef focus

Yes: explicitly aimed to incorporate all Yes: explicitly aimed to
habitat types and potential
incorporate all habitat types and
connections, through
potential connections, through
bioregionalisation, and zoning
bioregionalisation, and zoning
network
network

Network approach

Limited: strong local focus

Strong and systematic emphasis,
including location, size, shape and
replication of zones, and integration
of different zone types

Emerging network emphasis

Target refugia for
protection

Inadequate information

Explicitly considered
configuration of proposed
protected areas as a network

Yes: specifically aimed to protect self- Yes: aimed to include sites
sustaining areas and special sites such
considered resistant or resilient
as fish-spawning sites, nesting sites
to global changes, fish
and key habitat for threatened
aggregation sites, nesting
species, generally in no-take zones
habitats, cetacean habitats,
vulnerable species (e.g. sharks)

Consideration of ecological Yes, but not at network level
processes

Yes

Manage non-reserve areas
for ecosystem processes,
sustainable fisheries and
environmental quality
Maximize use of existing
information, including
non-scientific sources
and local knowledge

Limited: some community-based
fisheries management;
destructive fishing illegal

Yes: fisheries management plans, water Limited
quality improvement plans, temporal
closures, etc.

Yes: strong involvement by local
communities

Yes: explicitly incorporated best
Yes: used available environmental
available scientific and geographic
information, local knowledge
information on physical, biological
and traditional management and
and ecological patterns and processes,
conservation practices
along with information from 31,000
public submissions

Targeted research on key
knowledge gaps

Yes (past 5 years)

No: emphasis instead on collation and
integration of extensive existing
information, along with statistical
modelling to address gaps

Yes: field surveys of habitats;
hydrodynamic modelling;
surveys of socioeconomic and
cultural information

Address uncertainty: risk
spreading, margins of
error

Not specifically

Yes: increased proportional protection,
comprehensive representation and
spatial replication

Yes: increased proportional
protection; comprehensive
representation; spatial
replication

Review and adaptive
management

Yes, where information permitted

Moderate: limited modification of
existing management;
widespread transfer and
adaptation of successful MPAs
Specific principles or guidelines for protecting connectivity

Yes: e.g. implementation of water
Implementation of management
quality protection plan and extensive
currently in initial stages only
revision of previous zoning in
response to emerging information

Comprehensive and spread

Reserves spread broadly

Yes: inclusions of examples of all 70
Yes: inclusion of samples of each
‘bioregions’ based on spatial
identified habitat type, spread
distributions and biology; replication
across region

Adequate

Not necessarily—amount
protected determined by local
communities

Yes: minimum of 20% of each
Yes: 20% target for each habitat
‘bioregion’ included in no-take areas,
type
and often much larger proportions
protected by other zones

Representative

Moderate: limited to coral reef
habitats

Yes: examples of all bioregions and/or
ecological processes chosen to be
representative of type

Yes: representative examples of
each habitat type

Replicated

Yes: *60 separate reserves in
Bohol Sea

Yes: aimed to protect 3–4 examples of
each bioregion

Yes: aimed to include more than
three examples of each habitat
type

Include known spawning or Information unavailable, but
nursery sites
awareness increasing
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Yes: zoning aimed to protect likely fish Yes: protection of aggregations of
nursery habitats, turtle nesting sites,
key fisheries species and turtle
etc.; additional temporal closures of
nesting areas
fish spawning sites
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Table 1 continued
Guidelines

Bohol Sea, Philippines

Great Barrier Reef, Australia

Kimbe Bay, Papua New Guinea

Corridors or stepping stones Increasingly: reserves spaced
with dispersal distances
generally by \15–30 km
of \15–30 km

Yes (Almany et al. 2009): Addressed
through size, distribution and
replication

Yes: maximum spacing distance of
15 km between protected areas

Water currents and
movements

Now considered

Yes: currents and water circulation
included in design of network

Yes: Bay was stratified into east
and west sides on basis of water
movement information

Water and environmental
quality

Ad hoc consideration; increasing
awareness

Yes: Reef Water Quality Protection
Plan and Reef Rescue Plan
specifically targeted at managing
water quality; also addressed in
zoning design

Yes; network design avoided areas
of likely poor water quality

Migration patterns and life- Not known
cycles for key taxa

Yes: e.g. dugong protection areas, turtle Yes: protection of fish
nesting sites, whale protection area
aggregations, cetacean habitats,
for humpback whale calving, bird
turtle nesting sites, bird nesting
rookeries, turtle and bycatch
and habitats
reduction devices in trawl fishery;
also fish aggregation sites, etc.

Entire biological units
where possible

Usually not possible

Yes: zoning explicitly avoided
fragmentation of habitats

Yes: design principles explicitly
include entire biological units,
and buffer areas where possible

Bigger area of MPAs

Limited: areas small, determined
by amount local communities
willing to set aside

Yes: zoning explicitly maximised size
and recommended minimum size of
no-take areas

Yes: design principles include
bigger versus smaller areas
(where entire biological units
cannot be included)

Further explanation in text

•

•

•

Oceanographic modelling. A combination of bestavailable information, with purpose-developed
field and modelling studies, provided a framework
to understand the physical oceanography of the
Bohol Sea.
Larval dispersal modelling and testing. Testing
will use many of the tools described in other
articles in this issue (Botsford et al. 2009; Jones
et al. 2009).
Optimise placement, size, and spacing of reserves
using computer-based reserve selection tools
(MARXAN/MARZONE; see Pressey et al. 2007)
to develop a range of alternative potential network
configurations as a basis for community assessment
and adaptive management.

In summary, while many of the principles for protecting
connectivity were not initially applied in the process of
establishment and development of the Bohol Sea Marine
Reserve Network (Table 1), many are now being incorporated as information becomes available, and as
community awareness and acceptance increases.
Great Barrier Reef, Australia
The Great Barrier Reef Marine Park has many strong contrasts with the Bohol Sea network, including geographic

extent, population, human development and population
structure, and particularly in governance arrangements.
Primary responsibility for policy development and management rests with a specific, national government agency,
the Great Barrier Reef Marine Park Authority (GBRMPA),
with State and local governments responsible for specific
aspects of management (e.g. fisheries management).
Amongst other consequences, this provides a mechanism
for a strongly coordinated and integrated planning approach
to management, in turn facilitating aspects such as largescale network design and ecosystem-based management.
Although connectivity has been a consideration in
planning for some time (e.g. James et al. 1990), as with
the Bohol Sea network, explicit incorporation of connectivity information has featured much more strongly in
recent management initiatives, especially the 2004 Zoning
Plan (GBRMPA 2008a) and the Reef Water Quality
Protection Plan (State of Queensland and Commonwealth
of Australia 2003). This increasing emphasis reflects an
adaptive management approach, with emerging information generating significant modifications of management
policy.
Importantly, management of the Great Barrier Reef
(GBR) aims to integrate a number of critical ecological
dimensions, including but not limited to connectivity. This
integration was most explicit in the ‘Representative Areas
Program’ which underpinned the development of the 2004
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Zoning Plan for the GBR (Day et al. 2004; Fernandes et al.
2005). Key aspects of that program included:
•
•

•

•

•

A coordinated ‘whole of eco-system’ approach;
Identification of 70 clearly defined and explained
‘bioregions’ to represent biophysically similar regions,
based on habitat types, bathymetry, latitude and crossshelf location, etc., based on the best available scientific
information (GBRMPA 2008b);
Development and implementation of 11 ‘Biophysical
Operating Principles’ (GBRMPA 2002a), along with
four socio-economic principles to guide the overall
planning (GBRMPA 2002b);
Widespread community engagement and consultation,
resulting in the incorporation of community knowledge
and values, elicited from 31,000 public submissions;
A network approach which includes seven marine zone
types, including no-entry ‘Preservation Zones’, ‘notake’ zones, ‘limited fishing’ zones (including 66% notrawling areas), and ‘General Use’ zones. Zoning helps
regulates a wide range of activities, such as tourism and
recreation, as well as fishing, and is integrated with
other spatial and non-spatial management strategies
(Day 2002).

The effectiveness with which connectivity has been
incorporated into management is summarised in Table 1,
so only key aspects are discussed here. Importantly, connectivity benefits from a range of integrated management
strategies, not just from spatial zoning (Day 2002). Thus,
for example, the Reef Water Quality Protection plan
addresses a key aspect of maintaining environmental
quality of habitats and corridors or stepping stones, especially in the inshore nursery areas such as mangroves and
seagrass beds. Other management initiatives include three
temporal closures which prohibit reef fishing across the
entire GBR, to protect key fish spawning aggregations.
A key feature for connectivity of the GBRMP Zoning
Plan was the opportunity for a systematic, coordinated
approach, using not just individual principles, but explicitly
integrating all 11 ‘Biophysical Operating Principles’
together as a package, especially those of comprehensive,
adequacy, representation, and replication. These latter
principles in turn were strongly enabled by the rigorous and
comprehensive bioregionalisation process, ensuring that
the full range of habitat types, biodiversity and geographic
gradients could be systematically, comprehensively and
adequately represented and replicated. Ecological and
physical gradients and processes incorporated included
community types, latitude, cross-shelf and bathymetric
gradients, upwellings, exposure and hydrodynamics, and
uses, including adjacent land-use; network design avoided
areas of likely poor water quality. The consequence was a
whole-of-ecosystem approach which provides significant
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margins of error for connectivity processes, such as interhabitat connections or unrecognised connections.
Another significant aspect has been the enhanced community understanding and acceptance of the importance of
connectivity, largely achieved through a single, strongly
visual product, the poster diagram reproduced in Fig. 1. The
combination of an effective visual presentation and a fish
species of widespread interest to both commercial and recreational fishers generated popular interest in the concept of
connectivity and, consequently, support for its protection.
In summary, protection of connectivity on the GBR
appears to be as robust and systematic as feasible, given
current information and political realities. Remaining challenges include adaptive responses to emerging information
on interactions between fishing pressure and fish spawning
and larval transport, and emerging information on the effects
of climate change, especially on coral populations.
Kimbe Bay, Papua New Guinea: MPA network design
This case study contrasts with the previous two in that it
refers only to the design of an MPA network, the implementation of which is well underway. Kimbe Bay is
located on the north coast of the island of New Britain in
the Bismarck Sea, Papua New Guinea (Fig. 2). Kimbe Bay
is a large, well-defined bay (140 km 9 70 km in area),
which comprises a wide variety of shallow (coral reefs,
mangroves, and seagrasses) and deepwater marine habitats
(oceanic waters and seamounts) in close proximity. The
bay is within the Coral Triangle (Allen 2007), the global
centre for marine biodiversity, and is within the Bismarck
Sea, a globally significant area for pelagic fishes (particularly tuna) and toothed whales.
In 2007, The Nature Conservancy and partners completed a scientific design of an MPA network for Kimbe
Bay (Green et al. in press). The objectives were twofold: to
conserve marine biodiversity and natural resources of the
bay in perpetuity and to address local marine resource
management needs. The outcome has been the identification of 14 Areas of Interest (proposed MPAs) that met
specific conservation goals. The design process involved
expert scientific advice, targeted research and monitoring,
and an analytical design process (using the marine reserve
software MARXAN). Scientific design principles were
defined to incorporate biophysical and socioeconomic
values and processes, based on those developed for the
Great Barrier Reef Marine Park (Fernandes et al. 2005), but
explicitly adapted for local conditions in Papua New Guinea and to specifically address the threat of climate change
(West and Salm 2003; Green et al. in press).
Biophysical design principles included several of relevance to incorporating biological patterns of connectivity
(Table 1). While some of these principles were applied
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successfully in Kimbe Bay, others will require refinement
over time (Green et al. in press). They include:
•

•

•

System-wide approach that recognises patterns of
connectivity within and among ecosystems. This principle was applied with mixed success. Connectivity
among shallow water habitats (coral reefs, mangroves
and seagrass beds) was incorporated because the
required information was easy to obtain (location of
each habitat type) and the targets (habitat types) were
automatically clustered as a function of the MARXAN
analysis (Ball and Possingham 2000; Possingham et al.
2000). Connectivity among habitat types could not be
incorporated at a fine scale because the detailed
information required (e.g. biological patterns of connectivity among coral reefs) was not available.
Connectivity among habitat types was therefore
addressed at a broader scale, using three strategies: (i)
risk spreading to address uncertainty (through representation, replication, and spread of each habitat type);
(ii) stratification of the bay into east and west sections,
reflecting differences in biological and physical characteristics (Green et al. in press; Steinberg et al. 2007);
and (iii) using rules of thumb for minimum size for
each MPA (10 km2, 10–20 km in diameter) and
maximum spacing distance between MPAs (15 km),
based on the longest and shortest dispersal distances for
conservation targets (Mora et al. 2006).
Include entire biological units and a buffer around the
core area of interest; where entire biological units
cannot be included, choose bigger versus smaller areas.
This principle was applied successfully. For example,
offshore coral reefs are entirely included within proposed MPAs, whereas continuous coastal fringing reefs
are included in as large areas as possible; both
circumstances include buffer zones to increase the
probability of protected relevant ecological connections.
Maximise acquisition and use of environmental information to determine the best configuration, recognising
the importance of connectivity in network design. High
priority research was identified and implemented
2 years prior to completing the design. This included
rapid ecological assessments of shallow water habitats
(coral reefs, mangroves, and seagrass beds) and a
hydrodynamic study of ocean currents (Steinberg et al.
2006). Research into biological patterns of connectivity
among reefs is underway. Once completed, this information may be used to refine the MPA network design
(if required).

The effectiveness of this design in protecting connectivity and ecosystem values will depend on implementation
by local communities and governments at a range of scales.
Local communities are the marine resource owners and
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decision makers in Kimbe Bay. The extent and nature of
protection provided within MPAs therefore depends on
those communities. This process is now well underway
(Green et al. in press) and local communities have either
signed or are in the process of developing management
plans and agreements for eight Areas of Interest.

Discussion
This article aims to provide a set of general and specific
recommendations or principles, which are relevant for a
wide range of circumstances, including varying extent of
scientific knowledge and background information. It is
important to recognise that these recommendations remain
inevitably a ‘best-guess’ or a set of ‘rules of thumb’ and will
require careful consideration in each application. Further,
although the scope of this article is limited to management
aimed at connectivity, it is important to again stress that
adequate protection of ecosystem resilience requires a
number of elements: protecting connectivity is an important
component but will not be sufficient unless well integrated
with a range of other measures (e.g. McClanahan et al.
2002; McCook et al. 2007; Steneck et al. 2009).
As with any such approach, there are some associated
risks, but overall, these risks are minor compared to those
of delaying incorporation of connectivity into marine
management until complete information is available. Risks
associated with the recommendations in this article are
principally those of taking a likelihood approach, that is,
although this approach increases the chances of capturing
the key processes of connectivity, it may still be insufficient for complete protection. The approach may also be
vulnerable to ‘pseudo-scientific’ criticism from environmental sceptics suggesting that the principles here are not
sufficiently rigorous. In assessing these risks, scientists and
managers must also assess the risks associated with any
currently feasible alternatives.
At present, the only alternative is to ignore connectivity,
either permanently or as an interim measure, until better
scientific information is available. In practice, these
amount to the same thing, as adequate science for definitive
protection of all aspects of connectivity is decades away.
Certainly, the risks of inadequate management arising from
ignoring connectivity are greater than those associated with
the rules of thumb approach advocated here.
Improved scientific information still has significant
prospects of contributing to improved management for
connectivity, with two key aspects. First, managers require
targeted information on connectivity in specific areas for
which conservation strategies are being developed. Key
information includes descriptions of oceanography and
currents, bathymetry and habitat maps to aid in
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identification of ‘bioregions’ and in coupled biophysical
models (Werner et al. 2007). Second, managers require
improved understanding of key aspects of ecological connectivity. These include: (i) ecologically relevant dispersal
distances or kernels for key organisms, especially habitat
formers such as corals, seagrasses and mangroves, ‘keystone’ taxa, such as herbivorous fishes, and target species
such as marketable fishes (at present, detailed information
is only available for a relatively few species of fish and
corals); (ii) mechanisms of dispersal and connectivity (e.g.
passive, current-driven dispersal, or active movements;
larval or adult dispersal); and (iii) perhaps most challenging, tools for reliably predicting probable source reefs or
habitat patches. As our scientific understanding improves,
it is critical to consider the application of that understanding to management strategies.
Effective implementation of connectivity science
requires tools to communicate its importance to nonscientific audiences. Often, the most critical bottlenecks for
implementation are not lack of detailed scientific information, but rather a lack of the community and political support
for protection, which in turn require broad public acceptance
of the importance of connectivity. As indicated above, during the rezoning of the Great Barrier Reef, an effective visual
display (Fig. 1) was invaluable in generating understanding,
acceptance, and support for the protection of ecological
connectivity.
The three case studies demonstrate that the approaches
outlined in this article, while not novel, have been successfully implemented under wide ranging circumstances.
Compiling these principles is intended to enhance further
implementation, especially as increasing international
effort focuses on protection for coral reefs. Potential
applications in the near future include the Coral Triangle
Initiative (CTI Secretariat 2007), which aims to enhance
protection of coral reefs and associated habitats throughout
the Coral Triangle, an area of high biodiversity and complex connectivity. Management actions that protect the
natural, ecological connectivity between coral reefs and
other ecosystems should improve the overall resilience of
those systems, with valuable consequences for the ecosystems, and the goods and services they provide.
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