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Outline of the issue 

Connectivity usually refers to linkages between populations of marine plants and animals in different places.  More technically it is “the demographic linking of local populations through the exchange of individuals among them as larvae, juveniles or adults” (Sale et al. 2005).  The term is loosely used as an umbrella term which includes the full range from no connectivity (where all populations are effectively isolated = closed populations) to high connectivity (where most of the recruitment occurs through dispersal among populations = open populations).  Many coral reef organisms, including broadcast spawning corals and most reef fishes, do not move between distant locations as adults, but have a pelagic larval phase that can potentially travel vast distances.  However, until recently, we had little knowledge of how far larvae actually go.  The extent of connectivity can have important implications that determine the natural processes that limit growth of populations, their resilience to natural and human-induced disturbance, and the appropriate scale of management. 

Larval connectivity is receiving more scientific attention due to a global increase in coral reef marine protected area (MPA) networks (Mora et al. 2006; Wood et al. 2008).  No-take marine protected area networks have been widely advocated and embraced as one of the means to manage reef-fisheries and conserve coral reef biodiversity.  MPA networks appear to be particularly applicable to managing the community-scale fisheries of developing countries that depend on reef resources (Alcala and Russ 2006) and for the conservation of highly diverse and fragmented habitats, where species level management is not practical (Jones et al. 2007).  Increases in the abundance and biomass of exploited fishes within MPA boundaries are well-known.  However, it is also clear that MPA networks alone cannot protect non-exploited species from external threats such as coastal pollution and climate change (e.g. Jones et al. 2004).  Hence, MPA networks need to be integrated with a range of different approaches to protecting coral reef biodiversity in the Coral Triangle (CT).  
While much is known about the benefits of no-take coral reef areas to populations within their boundaries, there are many questions that relate to the extent of population self-replenishment and connectivity.  Are populations within individual no-take areas self-sustaining and therefore effectively protected?  Do no-take areas export larvae and provide recruitment subsidies to all reefs beyond their boundaries?  And is there significant larval exchange among protected populations that could enhance the resilience of the overall network?  How is population resilience in MPA networks influenced by human impacts on coral reef health?  Scientists are still searching for the answers to all of these questions and some of their work is already being carried out in the countries of the CT (e.g. Jones et al. 2005, Almany et al. 2007, Treml et al. 2008).  Recent progress is helping us understand how existing marine protected area networks operate, and how MPA networks can be designed in the future to achieve particular management goals.  A series of six papers in a special theme section in the journal “Coral Reefs” to be published in 2009, provide an up-to-date summary of the current knowledge of connectivity in coral reef environments (see Almany et al. 2009, Botsford et al. 2009, Jones et al. 2009, McCook et al. 2009, Munday et al. 2009, Steneck et al. 2009).
What does this mean for achieving the goals of the draft CTI Plan of Action?

Knowledge of coral reef connectivity is critical to the following goals listed in the draft management plan.
· Priority seascapes:  High conservation priority should be given to places that are important sources of larvae and isolated places that are reliant on self-replenishment.

· Ecosystem approach to management of fisheries and other marine resources:  Appropriately sized and spaced MPAs are one critical element of ecosystem management.  However, MPA design requires knowledge of linkages among MPAs, linkages between MPAs and fished areas, and linkages between MPAs and adjacent ecosystems.  MPA networks alone are not sufficient by themselves as fishery management tools.
· Marine Protected Area networks (MPAs):  Connectivity is a critical aspect of network design, relevant to the optimal size, number, spacing and placing of no-take areas.
· Improving threatened species status:   Knowledge of larval and adult movements is critical for determining the size of MPAs designed to act as sanctuaries for threatened species.
To achieve this knowledge, a significant increase in the level of scientific research in the CT region will be required.  The CT coral reefs are diverse and complex ecosystems, and to fully understand connectivity, we need information on more species at more places and at more times.  No single approach to studying connectivity will provide all the answers.  We recommend the support of collaborative projects that can apply a range of different approaches, including biophysical modelling, genetics, and adult and larval tagging.  These projects will be most successful if they incorporate in-country expertise, local communities and knowledge into the scientific process.

What does this mean for MPA network design, management and implementation?

We propose 10 guidelines for MPA network design to maximise the benefits of no-take MPAs for sustainable harvesting and biodiversity conservation, based on current knowledge and expert opinion concerning larval retention, connectivity and population resilience.  Note that while each recommendation should be viewed as an ultimate goal, significant benefits can be achieved by setting interim targets.  Also, it is not necessary to address all 10 guidelines at once to achieve significant benefits.  We stress that knowledge of CT coral reef connectivity is incomplete and scientific opinion varies.  These guidelines will be subject to change as new information is obtained.  

(1) Aim for ~30% of total reef area in no-take MPAs.  This should ensure adequate protection of spawning stocks inside MPAs, sufficient % retention of larvae for persistence within MPAs, and sufficient larval export to supplement adjacent fished areas and other MPAs.  Approach this goal by setting interim targets and evaluate the benefits.
(2) Manage large exploited species outside MPAs.  Traditional catch quotas, size limits and gear restrictions are necessary because larval subsidies from MPAs to all fished areas cannot be guaranteed. Gear restrictions are necessary to reduce impacts, for example, on by-catch of threatened species outside MPAs.
(3) Establish representative MPAs in different “bioregions”.  Connectivity among “bioregions” (biologically and physically distinct areas) is expected to be low.  Therefore, each bioregion must be partially represented in MPA networks to sustain biodiversity.

(4) Establish many MPAs rather than 1 large MPA in each “bioregion”.  One large MPA cannot provide recruitment subsidies to all fished areas.  Several MPAs minimises the risk of any one disturbance affecting all reef in MPAs.  A large number of smaller MPAs is also far more practical, since local communities are more likely to accept such a design.
(5) Deliberately vary the size of individual MPAs.  This will take account of natural variation in population sizes and dispersal distances within and among species, so as both larval retention within MPAs, and larval dispersal from MPAs into fished areas can be achieved.  There has been no MPA that has been too small to provide some benefits within boundaries.  However, small MPAs may not adequately protect large mobile animals.  

(6) Deliberately vary the spacing between MPAs.  This will take account of natural variation in dispersal distances within and among species, contributing to both connectivity among MPAs and dispersal into fished areas.

(7) Priority sites for MPAs:  (a) Remote locations > 20km from nearest other reef habitat, especially  off-shore islands.  (b) Unique places with distinctive assemblages of animals or plants.  (c) Sites frequently used by threatened species and/or hotspots for endemic species.  (d) Larval sources and up-stream sites with unusually high currents.  (e) Sites known to be resilient to bleaching and other disturbances.  
(8) Match scale of MPA networks to the scale of human communities.  Larval retention should be sufficient for local communities to benefit directly from their own MPAs, which will encourage compliance and expansion of MPA networks.  Ensure local communities involved with MPA decision making and enforcement.  
(9) Evaluate MPA effectiveness for fished species and biodiversity.  Quantitative monitoring of coral cover, fish and invertebrate abundance (inside and outside MPAs) and catch (outside MPAs) is essential to assess whether MPAs are achieving their goals, and as a basis for adaptive management. Where possible, link implementation of MPA networks with connectivity research.
(10) Link coastal MPA design with coastal terrestrial reserves and land management.  MPAs will be ineffective in protecting marine biodiversity where coral reefs are being degraded from coastal pollution, sedimentation and other external influences. 
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Some existing projects

(1) Joint ARC Centre of Excellence (JCU) and The Nature Conservancy (Brisbane) project in Kimbe Bay (PNG), including the design of an MPA network in relation to patterns of larval connectivity (Contact G. Jones geoffrey.jones@jcu.edu.au or A. Green agreen@tnc.org)
(2) Joint ARC Centre of Excellence (JCU) and The Nature Conservancy (Brisbane) project at Manus Island (PNG) funded by US-based National Fish and Wildlife Foundation.  This project uses barium-marking methodology to tag the larvae at spawning aggregation sites.  (Contact G. Almany glenn.almany@jcu.edu.au or R. Hamilton rhamilton@tnc.org)
(3) Woods Hole Oceanographic Institute, Packard Foundation funded project on direct estimates of connectivity in PNG using larval marking and genetic analyses.  (Contact S. Thorrold sthorrold@whoi.edu)
(4) ARC Centre of Excellence (JCU) and SUAKCREM project in the Bohal Sea, Philippines,  including the design of an MPA network in relation to patterns of larval connectivity (Contact G. Russ garry.russ@jcu.edu.au)

(5) World Wildlife Fuller Fellowship project focusing Regional Marine Conservation: Merging seascape genetics and biophysical modeling within a graph-theoretic framework. (Contact E Treml e.treml@uq.edu.au)

(6) ARC Discovery Grant to E. Treml, H. Possingham & C. Riginos: Coral reef connectivity: an empirical and theoretical synthesis. (Contact E Treml e.treml@uq.edu.au)

(7) PIRE-NSF Grant to E. Treml, K. Carpenter, P. Barber, P. Halpin: Origins of High Marine Biodiversity in the Indo-Malay-Philippine Archipelago: Transforming a Biodiversity Hotspot into a Research and Education Hotspot  (Contact E Treml e.treml@uq.edu.au)

� School of Marine and Tropical Biology, and ARC Centre of Excellence for Coral Reef Studies, James Cook University, Townsville, 4811, Queensland, Australia.


2 Biology Department, De La Salle University Manila, 2401 Taft Avenue, Manila, Philippines 1004


3 Silliman University - Angelo King Center for Research and Environmental Management (SUAKCREM)


Dumaguete City, Negros Oriental 6200 Philippines


4 1Dept. of Wildlife, Fish, and Conservation Biology, University of California, Davis, One Shields Ave 


Davis, CA 95616


5 Australian Institute of Marine Science, PMB 3, Townsville QLD 4810, Australia


6 The Nature Conservancy, 57 Edmonstone St, South Brisbane, Qld, 4101, Australia


7 Great Barrier Reef Marine Park Authority, PO Box 1379, Townsville, Qld 4810, Australia


8 Centre de Biologie et d'Ecologie Tropicale et Méditerranéenne, Université de Perpignan, 52 Av. Paul Alduy - 66860 Perpignan CEDEX, France


9 United Nations University, 175 Longwood Road South, Hamilton On, L8P 0A1, Canada


10 School of Marine Sciences, University of Maine, Darling Marine Center, 193 Clarks Cove Road,


Walpole, Maine 04573, USA


11 Biology Department MS # 50, Woods Hole Oceanographic Institution, Woods Hole, MA 0254, USA


, Ph.D.


12 World Wildlife Fund Fuller Fellow, School of Integrative Biology, 121 Goddard Building


University of Queensland, St. Lucia, QLD 4072 Australia






