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a b s t r a c t

The coral reefs and seagrass habitats in the Great Barrier Reef World Heritage Area (GBRWHA) are
vulnerable to physical disturbances, including the anchoring of vessels. Both the anchor being deployed
and retrieved, as well as the movement of the attaching rode, can cause damage to corals and seagrasses.
Understanding the contributing processes that influence the deployment of anchors can assist with
managing anchor damage in the GBRWHA, particularly in the context of climate change. Providing a
spatial description of the vulnerability, rather than just a list of factors, requires the incorporation of
social, geophysical and ecological factors. An integrated GIS-Bayesian Belief Network was utilised to
combine 19 spatial datasets, 6 spatial models and expert opinion. The base scale was set to match the
250 m lattice interval of the Great Barrier Reef digital elevation model. With approximately 5 million data
points the model was able to spatially describe the likelihood of damage from anchor deployment across
the GBRWHA. While only 19% of the GBRWHA is considered susceptible to anchor damage, the assess-
ment indicates that coral reefs and seagrass meadows adjacent to population centres and in particular
close to islands are highly vulnerable. Comparisons with coral reef health surveys (Eye on the Reef
Program) and detailed anchorage records from a scientific research vessel indicate the model is robust
despite extensive use of disparate spatial data and expert opinion. The effect of each node in the Bayesian
Belief Network on the anchor vulnerability beliefs was measured by standard variance reduction and this
found that anchor site familiarity and accessibility were the dominant influences aside from the presence
of sensitive habitat. Visualisation of the model outputs, including the intermediate stages, provided
additional qualitative evaluation. Enhancing the vulnerability assessment to describe every location in
the GBRWHA will contribute to the development of policy and governance mechanisms whilst sup-
porting focused monitoring of sites vulnerable to anchor damage.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Australia's Great Barrier Reef (GBR) Region is defined in the
Great Barrier Reef Marine Park Act 1975, and covers an area of
approximately 346 000 km2. This huge expanse of ocean and reefs
stretches some 2 300 km along the eastern Australian coast, from
the tip of Cape York in the north to past Lady Elliot Island in the
south (Day and Dobbs, 2013). The Great Barrier ReefWorld Heritage
Area (GBRWHA) is an iconic symbol of marine biodiversity and
includes over 2 900 coral reefs with an area of approximately
20 000 km2 and an estimated 1 741 km2 of seagrass meadows
(Johnson andMarshall, 2007). The Great Barrier Reef Marine Park is
ntre, Stockholm University,
796.
month).
amultiple-usemarine park inwhich zoning provides one of the key
management tools. The multiple-use zoning approach, imple-
mented by Great Barrier Reef Marine Park Authority (GBRMPA),
provides for the separation of conflicting uses while allowing a
wide range of commercial and recreational activities. In 1981, the
Great Barrier Reef was listed as a UNESCO World Heritage Area,
with the Commonwealth Marine Park covering 99% of the World
Heritage Area and the remaining area is under State jurisdiction.

The GBRWHA is vulnerable to a range of environmental and
anthropogenic pressures (Vella et al., 2012; Wakeford et al., 2007).
Climate change alone is forecast to increase the average intensity of
tropical cyclones over the rest of this century (De'ath et al., 2012)
and change the acidity of the oceans (Veron, 2008). Increasingly full
recovery from disturbance is taking longer as destructive events
increase in intensity and frequency (Graham et al., 2011; Roff and
Mumby, 2012).
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Consequently the GBRWHA is showing signs of reduced health
through measures such as coral cover decline (De'ath et al., 2012,
2009) and loss of seagrass meadows (Coles et al., 2012). Addition-
ally, repeated small scale disturbances, such as anchoring, can alter
resilience to perturbations for a localised area (Walker et al., 2004),
especially if recovery is limited (Beeden et al., 2014; Ceccherelli
et al., 2007; Jaap, 2000; Stachowitsch, 2006). Stressors like poor
water quality and physical damage due to anchoring and/or divers
and snorkelers (McManus et al., 1997) also have the potential to
increase the competitive advantage of macroalgae and hence
reduce recovery rates.

Widely reported damage from anchoring raised concern about
the impact of tourism in the Great Barrier Reef in the 1990s
(GBRMPA, 2009). Anchoring of both tourist and recreational boats
can be a significant local issue in heavily visited sites (Brodie and
Waterhouse, 2012). Pathogen virulence and coral disease suscep-
tibility can also increase as a consequence of the disturbance
(Heron et al., 2012). For example, physical damage to corals may
allow ciliates to become established, which could lead to skeletal
eroding band lesions (Page and Willis, 2007).

In this paper, the definition of anchoring is considered to be the
short-term deployment of a physical device to hold fast to the
substrate by a vessel. Any damage resulting from anchoring is
regarded as being caused by both the anchor being deployed and
retrieved as well as the movement of the attaching rode (Walker
et al., 2012). Internationally, the significant impact of anchoring in
high use zones has been reported (Backhurst and Cole, 2000; Davis,
1977; Diedrich et al., 2013; Hendriks et al., 2013; Rogers and
Garrison, 2001; Walker et al., 2012). With inshore reefs and sea-
grass meadows in serious decline from land based pollutants, and
climate change impacting on the general reef system (Hughes et al.,
2003), the potential increase in boat-associated impacts is a cause
for concern. Boat ownership is increasing along Queensland coastal
communities. For example, in Townsville there was an increase in
boat numbers (in the class of 4.5e18m) from 1953 in 2001 to 3 919
in 2010 (Queensland Department of Transport and Main Roads,
2011). During development of the draft Commonwealth Strategic
Assessment of the Great Barrier Reef Region (GBRMPA, 2013),
workshop participants raised the need for better understanding of
the changing recreational sector, in particular the growing number
of new recreational users as a result of the mining boom and sug-
gested future management actions included more Reef Protection
Markers (RPMs) and moorings, as well as increased education.

The 2009 Outlook Report (GBRMPA, 2009) assessed the general
threat of anchoring on coral by small vessels as an ‘almost certain’
likelihood but a medium risk with a minor consequence. The
likelihood of anchor damage across the entire GBRWHA has not
been described previously and hence management actions have
been based on a case-by-case basis in regions of high vessel use
(Dinsdale and Harriott, 2004). GBRMPA and the Queensland Parks
and Wildlife Service (QPWS) implemented a system of RPMs in
combination with public moorings in the mid 1990's in high use
areas in the marine park, i.e. in the Cairns, Whitsunday and Hin-
chinbrook areas (Great Barrier Reef Marine Park Authority, 2002)
and GBRMPA have developed “Responsible Reef Practices for
Anchoring” to support this program (http://www.gbrmpa.gov.au/
visit-the-reef/responsible-reef-practices). A comprehensive
approach to describing the likelihood of anchor damage for the
whole of the GBRWHA can be utilised within the broader frame-
work of managing for climate change resilience.

The GBRMPA has a range of projects in progress to operation-
alise resilience theory to support the future of the GBRWHAunder a
changing climate (GBRMPA, 2012; Johnson and Marshall, 2007). A
vulnerability framework that considers the threatening processes,
in the context of a sensitivity analysis, can assist the prioritisation of
on-ground actions. While many threatening processes, such as
cyclones, are difficult to mitigate, physical damage to coral reefs by
human activities such as dredging, ship grounding and anchoring
can be managed effectively (Schmahl, 2012; Walker et al., 2012).

Marinemanagers on the Great Barrier Reef (GBR) are required to
develop strategies for reducing impacts on species and habitats.
However, given the vast extent of the GBRWHA, assessing the
spatial distribution of the vulnerability to anchor damage is
inherently a difficult exercise due to the complexity of the marine
environment, the intangible social components and the lack of
robust empirical data. The GBRWHA has over 2 900 mapped reefs
and a high likelihood of many deeper submerged reefs, each with
considerable intricacy, shaped by localised and regional forces
(Bridge and Guinotte, 2013; Johnson and Marshall, 2007).
Attempting to accurately describe the physical structures at the
scale of a boat anchoring, such as a coral bommie, is futile except for
highly focused sites such as tourism dive locations. GBRWHA-wide
assessments can only hope to present a range of probabilities for a
given vulnerability for any specific location.

Vulnerability assessments that involve social and environmental
factors are particularly complex (Ban et al., 2013; Measham and
Preston, 2012). Targeted impact assessments of commercial activ-
ities such as trawling, tourist operations and fishing have been
based on industry-supplied records often obtained through
mandatory reporting requirements. For an anchor damage
vulnerability assessment, which is based on the diverse array of
social components linked closely to the environmental constraints,
a more comprehensive approach is required. In particular, a
modelling framework that can combine geophysical, ecological,
and social components to produce anchor vulnerability likelihood
for each location will be essential (Stelzenmüller et al., 2010).

The social component, of where and how private vessels may
anchor, is a complex array of variables including site attractiveness,
safety considerations, comfort concerns, familiarity and accessi-
bility. The personal attitude of the skipper will determine the final
location of any single anchor and the subsequent potential distur-
bance to the benthos. For instance, commercial shipping, outside of
the General Use Zone and the Designated Shipping Areas, is subject
to restrictions regarding where and how they may anchor by
GBRMPA and Maritime Safety Queensland through a marine parks
permit process. However, for the majority of the GBRWHA, the
recreational skipper has the final say on the exact location of any
anchorage if no other legislative considerations apply.

Basing the vulnerability assessment simply on observed in-
stances of anchor damage is also problematic. The lack of a focused
study on the anchoring habits and locality preferences of recrea-
tional and commercial vessels has prevented a historical assess-
ment of any value (however see Dinsdale and Harriott, 2004). As a
consequence, systematic evidence of anchor damage has required
the use of spatial information that was not primarily collected for
this purpose and hence remains limited in the quality of informa-
tion able to be extracted. Examples include Reef Health Impact
Surveys (RHIS) that have been, in general, too shallow and focused
on the reef edge and yet, during 2009e2012, over 50 observations
of coral colony damage from anchoring activity were reported
(http://www.gbrmpa.gov.au/about-the-reef/how-the-reefs-
managed/eye-on-the-reef). A lack of robust data on the motiva-
tional attitudes of skippers regarding anchorage selection further
hinders the quality of assessment. This is exemplified in the
Outlook Report 2009 (GBRMPA, 2009) which states ‘Given the
distribution of boat ownership and the size of vessels owned, any
impacts are predicted to be principally in inshore areas close to
major regional centres’. A desktop study indicated that the ship
anchorages associatedwith the fivemajor ports in the GBRWHA are
generally located in open seabed systems and anchor drop or chain
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drag do not directly impact on coral reef systems. However, the
study noted that all vessels using existing anchorage areas across all
ports have potential to directly affect seabed topography and
biodiversity from anchor drop and chain drag (GHD 2013). Thus
evaluations at the GBRWHA scale are necessarily simplistic and
designed to provide broad trends in the spatial distribution of an-
chor damage vulnerability.

This paper outlines a spatially explicit model of the vulnerability
of coral reefs and seagrass meadows in the GBRWHA to damage by
anchoring. All vessels are considered, including recreational power
vessels, sailing yachts, research vessels, tourism vessels, commer-
cial fishing vessels and ships. A modelling framework is described
that enables the disparate array of spatial data to be assembled and
used as evidence for assessment of vulnerability.

2. Methods

To complete this vulnerabilityassessment, a combinationof spatial
data, GIS models, Bayesian Belief Networks (BBN), GIS visualisation,
statistical evaluation and expert input was used (Fig. 1). Spatial data
describing 19 aspects of the GBRWHA were selected (Table 1).
Geographic Information System (GIS) models were developed to
create 6 specific datasets (Table 2). A critical scale was determined
using a mixture of operational necessity and data availability and this
was the 250 m lattice interval that comprised the digital elevation
model (DEM) (Lewis and Hutchinson, 2001). The spatial data and GIS
model output were standardised at this DEM scale and entered into
the BBN input nodes (Fig. 2). Expert opinionwas used to enhance the
GIS models, design the BBN, populate the conditional probability ta-
bles in the latent nodes and judge the final results of the vulnerability
assessment and the sub-models. Each of these components is
described in more detail in the following sections.

Conceptually the vulnerability assessment is composed of two
interacting components: exposure and sensitivity. Within the
exposure component there are four major sub-models: attractive-
ness, accessibility, familiarity, safety and comfort (Fig. 1). The
Fig. 1. Flow diagram of the GIS and BBN model structure highlighting the flow of spatial data
to Table 2. Note 3: see Fig. 2 for more detail.
sensitivity component is less complicated and includes coral and
seagrass meadow distributions as well as a measure of benthic
disturbance. The quality of the coral reefs and the seagrass
meadows was not included in this assessment for two reasons.
Firstly the aim of the exercise was to describe the potential damage
caused by an identified process and for a highly heterogeneous and
dynamic system as the GBR, this necessitated a simplification of the
‘state’ to presence or absence. Secondly, assessments of this type
are essentially policy instruments that can be integrated with
management planning or major event descriptions, such as cyclone
models, and consequently the quality of the habitat can be inte-
grated at a secondary stage.

Since empirical evidence does not exist for the intangible pa-
rameters (consisting of Habitat Sensitivity, Misplacement, Famil-
iarity, Safety and Comfort, Attractiveness and Accessibility) then
expert opinion was used to develop the conditional probabilities
that describe the combination of observed datasets. Visualisation,
through mapping of these latent datasets, provided intermediate
assessments of the sub-models and helped gain confidence in the
model logic. Importantly the input data nodes could technically
have been linked directly to the vulnerability node however the
resultant massive conditional probability table would have been
problematic to assess. Instead these intermediate sub-models were
used to provide confidence in the model process in a step-by-step
manner. Statistical evaluation was conducted through the use of
two independent datasets and an examination of the variance
reduction (of the Vulnerability node) present in the BBN.

The framework presented (Figs. 1 and 2) seeks to encompass the
main social, geophysical and ecological factors in a transparent
manner that can permit validation and management utilisation.
Given that skippers are deploying anchors as part of activity in a
marine park, the social factors extend across the range of legisla-
tive, preferential and practical elements of the assessment frame-
work. In particular the sub-models of Attractiveness, Safety and
Comfort and Familiarity and, to a lesser extent, Accessibility are
considered socially orientated. The geophysical factors include the
and expert input. Note 1: Data names relate to Table 1. Note 2: GIS model names relate



Table 1
Data sets used to inform the BBN (Figs. 1 and 2).

Spatial data Fig. 2
short name

Description Node & discretisation Reference

Great Barrier
Reef digital
elevation model

DEM The digital elevation of the GBRWHA at a resolution of
250 m2

Depth Right: �3 023 to �20 [deep],
�20 to �5 [ok], �5 to þ5 [shallow]
Visible depth: �3 023 to �20
[hidden], �20 to þ5 [visible]

Lewis and
Hutchinson
(2001)

Zoning plan Zoning Polygon representation of the Zoning Plan 2003 describes
zones (by CODE) where activities are permitted within the
Great Barrier Reef Marine Park, effective 1st July 2004

Zoning for Fishing: 6,7,16,32,66 [Not
Permitted], 14 [No Take],12,13
[Restricted Use], 9,10 [Least Restricted]
Legal zone: 6,7,16,32,66 [not allowed],
9,10,12,13,14 [permitted]

GBRMPA
(GBRMPA
et al., 2004)

Commercial line
fishing records

Commercial Queensland Department of Employment, Economic
Development and Innovation (QDEEDI) dataset on
Commercial Fishing, specifically on Line Catch Effort,
measured in Days and summarised up to a 6 min grid cell

Commercial line fishing activity: 0e675
[low], 676e2 161 [medium],
2 162e5 012 [high]

QDEEDI (2012)

No Anchor Areas NAA Reef Protection Markers designating No Anchoring Areas in
the Great Barrier Reef Marine Park. As described in the
Whitsundays Plan of Management 2008, Cairns Area Plan of
Management, and Hinchinbrook Plan of Management.
Locations in the Keppels and Townsville regions were
supplied by Queensland Parks and Wildlife Service.

Legal Zone and not NAA: inside [no],
outside [yes]

GBRMPA, (2008)

Ports and
boat ramps

Harbours Point dataset collected using gps indicating the locations of
Boat ramps along the Great Barrier Reef Marine Park Coast
in 2005. Supplemented with Port features.

Cost model GBRMPA,
unpublished data

GBRWHA
Population
Pressure
Model 2000

Population A year 2000 world population density grid based on 5 km2

cells
Boat Density model Columbia

University (2005)

Vessel
registrations

Registrations Vessel registration data grouped at a local government level Boat Density model Queensland
Department of
Transport and
Main Roads (2011)

Dry reef Reefs Major coral reef structures (as defined by the reef shoal
edge) and tidal, drying or emergent reef areas within the
Great Barrier Reef World Heritage Area

Sheltered model GBRMPA,
unpublished data

GBR features Islands Feature polygons of the Great Barrier Reef Sheltered model, Near Islands model GBRMPA,
unpublished data

Designated
Shipping Area

DSA Polygons layer describing the designated shipping areas of
the GBR

Away From Shipping: Shipping A
[Within], Exclusion [Outside]

GBRMPA (GBRMPA
et al., 2004)

Guide books Guides Guidebooks specifically orientated to recreational vessels.
Suggested anchorages are captured as a point layer.

Guided by Books: away [no], within
500 m [yes]

One Hundred Magic
Miles (Colfelt, 2012)
and Gone Troppo
(Hayes and Mulvany,
2007) Cruising the
Coral Coast
(Lucas, 2008)

Ship Anchorage
Areas

SAA Approximate localities of designated Commercial Ship
Anchorage Areas derived from Ship Anchorage Limit Areas
see also the MSQ layer

Designated: outside SAA [none], inside
one of SAA, POM, Cruise Ships polygons
[one], inside two of SAA, POM, Cruise
Ships polygons[two]

Maritime Safety
Queensland (2011)

Plans of
Management

POM Detailed schedule of permitted activities with polygons for
the three regions of Cairns, Hinchinbrook and Whitsundays

Designated: outside SAA [none], inside
one of SAA, POM, Cruise Ships polygons
[one], inside two of SAA, POM, Cruise
Ships polygons[two]

GBRMPA (2002)

Cruise Ship
Anchorages

Cruise Ships Polygons describing the Designated Cruise Ship Anchorages
in the Great Barrier Reef Marine Park as per the Great
Barrier Reef Regulation .

Designated: outside SAA [none], inside
one of SAA, POM, Cruise Ships polygons
[one], inside two of SAA, POM, Cruise
Ships polygons[two]

GBRMPA (2008)

Environmental
Management
Charge

EMC Visitor Permits generate point locations not limited to but
including bays, beaches, points and headlands, inlets, coves,
island groups, fishing grounds, passages, channels, towns/
ports/harbours and wrecks. Values indicate the number of
visits during 2010e2011.

EMC via Visits model: 0 to 35 [low], 36
to 540 [medium], 541 to 7 740 [high]

GBRMPA,
unpublished data

Modelled
Secchi visibility

Secchi Secchi disk survey data describing the visibility through the
water column at points across the GBR

Visibility model: 0e10 m [low], 10
e31 m [high]

De'ath and
Fabricus (2008)

Coral reef
suitable habitat

Coral Reef Polygon layer describing the general extent of coral reefs
within the GBRWHA

Coral Reefs: inside polygon [present],
outside [absent]

Harris et al.
(2012)

Seagrass extent Seagrass Grid layer at 0.02� resolution describing the likely
distribution of seagrass meadows in dry season. Values are
the probability of finding sea grass meadows in that
location.

Sea Grass beds: 0 [Absent],0.01e0.16
[low], 0.16e0.37[medium], 0.37e0.68
[high], 0.68e1 [very high]

Grech and Coles
(2010)

Gridded Trawling
activity data

Trawling Queensland Department of Employment, Economic
Development and Innovation dataset on Commercial
Fishing, specifically on trawling Effort, measured in Days
and summarised up to a 6 min grid cell

Undisturbed Habitat: 0e455[low],
456e1 637 [medium], 1 638e3 053
[high]

GBRMPA,
unpublished data
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Table 2
GIS models used to develop input data for BBN (Figs. 1 and 2). Underlined data
names relate to Table 1 and Fig. 1.

GIS model
short name

Description Node & discretisation

Visits Visitation by commercial operators:
This model uses a natural kriging
extrapolation of the visit locations
to develop a predictive surface of
visitation by commercial operators.
As part of the permit conditions
general locations of anchorages are
reported in the Environmental
Management Charge (EMC). The
extrapolation is based on the
number of vessel visits for each visit
point location.

EMC: 0e35 [low],
36e540 [medium],
541e7 740 [high]

Near Islands Preferential location near islands:
Buffer of 1 NM around islands on
the GBRWHA.

Near Islands:
within buffer
[near], outside
buffer [away]

Sheltered Shelter from SE trade winds: Aspect
modelled from the DEM and
clipped to island and coral reef
1 NM buffers. Reclassed to favour
NW corner but less partiality for the
Western and Northern sectors
while penalising the SE corner.
Values are the aspect degree
relative to the protective feature.

Sheltered from
SE winds: 270e360
[sheltered], 225e270
& 0e45 [Partly
sheltered], 45e225
[exposed]

Cost Cost of transit to anchorage: Least
accumulative cost distance for each
cell to the nearest Harbours source
over a cost surface created from the
DEM. Within this cost surface, cells
less than 10 m deep are considered
impassable. Units are in kilometres.

Cost to location:
0e50 [low], 51e150
[medium], 151e800
[high]

Boat Density Relative Boat density from
registrations and population size:
The population density grid is
modified at a local government
level for the relative percentage of
boat registrations. A smoothly
tapered surface is then generated
by fitting a quadratic kernel
function (Silverman, 1986) with a
search radius of 3.9� . Units are
relative values of boat density.

Boat Ownership
Density: 0e1 281
[low], 1 282e62 580
[medium], 62
581e989 927 [high]

Visibility Benthic structure visibility: A grid
describing the predicted visibility
through the water column was
created by ordinary kriging field-
collected Secchi data points along
the GBR. This was then reclassed so
that poor visibility was assigned to
cells with less than 10 m visibility.

Visibility Assists
Decision: 0e10 m
[low], 10e31 m [high]
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Accessibility and Attractiveness sub-models noting that shallow
reefs and land are obstacles to both travel and anchorage selection.
The ecological factors reside in the Habitat Sensitivity sub-model.

The development of each BBN sub-model is described in the
following section.

2.1. Attractiveness

Five key contributors were considered as having an influence on
whether one anchorage would be deemed as more attractive than
another. This included appropriate depth, zoning, restrictions on
anchoring, commercial preferences and past commercial activity
(Fig. 1). A strong determinant of vessel usage was based on the
capacity to engage in fishing activities (Mapstone et al., 2004). We
ranked the marine park zones (Zoning; Table 1) with respect to the
level of recreational fishing control (in order of attractiveness:
6,7,16,32,66 [not permitted]; 14 [no take]; 12, 13 [restricted use];
9,10 [least restricted]). For the commercial fishers, the historical
selection of areas yielding a viable harvest (Commercial; Table 1)
was coarsely described from the aggregated commercial activity
data (Queensland Department of Employment, Economic Devel-
opment and Innovation, unpublished data). For all fishing boats, the
location of No Anchor Areas (NAA; Table 1) combined with no entry
zones (such as Preservation Zones (Zoning; Table 1)) reduced the
attractiveness for anchoring (GBRMPA 2009). Finally the depth of
the water column (DEM; Table 1) was classified as being deep
(>20 m), shallow (<5 m), or within a suitable range for anchoring.

2.2. Accessibility

The density of vessels and the distance from the nearest port or
boat ramp determines access level across the GBRWHA (Fig. 1). This
was captured from three sources; the modelled population pres-
sure from Queensland residents (Population; Table 1), the regis-
tration of boats (Registrations; Table 1) as a proportion of the
population for each Local Government Area (LGA), and the cost of
travel across the GBRWHA from ports (Cost model; Table 2). The
Boat density model (Table 2) combines the population distribution
with the registration percentages to create a spatial layer of relative
boat density. This spatial layer was then combined with a cost
travel distance model in the BBN to determine the accessibility.
There appeared to be no data available on the number and type of
recreational vessels that have traversed the Great Barrier Reef from
distant ports both nationally and internationally and hence this was
not included in the assessment. Indirectly, however, visiting rec-
reational vessels were likely to base their anchorage preferences on
guidebooks and these were included in the familiarity sub-model.

2.3. Safety and comfort

The Great Barrier Reef can be a dangerous environment to
operate a vessel, especially when conditions deteriorate. Skippers,
in general, optimise the safety and comfort of their operations with
particular consideration to three factors; shelter from swell
generated by the dominant South Easterly winds (Sheltered model;
Table 2), the protection of islands (Near Islands model; Table 2) and
avoiding those areas used by ships in transit (DSA; Table 1).
Avoiding the swell generated from the South Easterly winds was
modelled from the digital elevation model (Lewis and Hutchinson,
2001) so that those regions to the lee of islands and reefs were
identified. Islands intrinsically generate a level of security and
comfort that attracts vessels of all sorts to anchor close by.

2.4. Familiarity

Vessels routinely anchor at many locations on the Great Barrier
Reef either as a result of being guided by books or being directed by
Marine Safety Queensland (MSQ). The recommended anchorages
from the three popular guidebooks (Guides; Table 1), namely One
Hundred Magic Miles (Colfelt, 2012), Cruising the Coral Coast (Lucas,
2008) and Gone Troppo (Hayes and Mulvany, 2007) provided a
higher likelihood of anchorage than those locations that are
undescribed. All vessels using the anchorage areas in Queensland,
including during navigation to and from these areas, are required to
comply with Australian International Convention for the Preven-
tion of Pollution from Ships (MARPOL) legislation for the Reef.
Regional Harbour Masters, in conjunction with MSQ, provide di-
rection to ships within their region with regard to safe operation
(GHD 2013) (SAA; Table 1). Cruise Ship Anchorages are designated
and managed by GBRMPA and include 31 anchorage sites along the
GBRWHA (Cruise Ships; Table 1). Three specific high use regions
have detailed Plans of Management (POM; Table 1) and these form



Fig. 2. The BBN for anchor vulnerability. The bars and percentage values for each parameter show the distribution of those values across the GBRWHA. The nodes (X, R, Q, C, B, & S
boxes) in the middle section are reliant on expert opinion. The nodes, around the perimeter of the figure, were informed by data described in Tables 1 and 2.
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part of managing anchor damage by limiting the number of daily
tourism operations with anchoring access and by specifying an-
chorages for cruise ships and other large vessels >35 m. However it
should be noted here that a vessel has the right to anchor anywhere
within the Great Barrier Reef if required for human safety. Lastly,
there was general location data for tourist visitation based on the
Environmental Management Charge (EMC; Table 1). This fee was
collected by tourism operators who report visitor numbers and site
locations to the GBRMPA and this was used to generate a visitation
density layer for the GBRWHA.

2.5. Local anchor misplacement

At every site the skipper is required to make decisions at a local
scale and this can influence the successful deployment of an anchor
so that potentially a sandy patch can be selected instead of a coral
reef. However, visibility of the water column combined with benthic
depth will determine howmuch capacity the skipper has to manage
the damage caused by anchor deployment. To provide an approxi-
mation of the general conditions that influence the visibility we used
the Secchi data (De'ath and Fabricus, 2008) to model visible depth
(Visibility model; Table 2). This was combined with the depth profile
generated from the DEM (Lewis and Hutchinson, 2001) to increase
the likelihood of anchor damage in areas with reduced visibility.

2.6. Habitat sensitivity

Susceptibility to anchor damage was considered only for coral
reefs and seagrass meadows within the scope of this assessment.
Coral Reefs exhibit a wide variety of forms that will vary in their
susceptibility to anchor deployment (Jameson et al., 1999). In
particular, both the anchor deployment and the chainmovementwill
easily damage branching forms (Rogers and Garrison, 2001).
Encrusting forms are less susceptible, as are massive forms, except in
situations where the size of the anchor and chain can roll or crush a
coral colony. However, at the scale of this assessment, thedistribution
of coral forms is presently undescribed. The spatial extent of coral reef
suitable habitat (Harris et al., 2012) included the deeper mesophotic
reefs for all coral forms (Coral Reef; Table 1). Within these ‘coral reef’
zones, there existed benthic structures, such as sand (Zieger et al.,
2008), that were suitable for non-destructive anchoring.

Seagrass meadows were less accurately described partly due to
their transient nature, however, the likelihood of occurrence in the
BBN was based on the predicted models of seagrass extent (Grech
and Coles, 2010) (Seagrass; Table 1). The Grech and Coles (2010)
spatial data described the likelihood of seagrass meadows having
occurred in a 0.02� grid cell and this was translated to 5 classes as
described in Table 1. The long term damage caused by physical
disturbance, such as a chain sweeping around the anchor location
(Creed and Amado Filho, 1999; Milazzo et al., 2004), has not been
described for the GBRWHA, but given the critical nature of seagrass
meadows as a primary food source for dugongs and turtles, com-
bined with their limited extent (Grech et al., 2011), even localised
damage is cause for concern (Ceccherelli et al., 2007).

Estimating the area of coral reef and seagrass meadows that was
susceptible to damage must also take into consideration the dele-
terious effect of trawling. Trawling effort was described by an
aggregated spatial dataset (Pears et al., 2012) for the entire World
Heritage Area (Trawling; Table 1) and this was used to diminish the
quality of the expected habitat through the adjustment of the
conditional probabilities within the Habitat Sensitivity node.

2.7. The Bayesian Belief Network model

Since this task involved uncertainty within a risk assessment
framework, the use of a BBN offered a pragmatic and scientifically
credible approach (Borsuk et al., 2004; Marcot and Holthausen,
2001). The BBN was based on the graphical portrayal of the con-
ditional probabilities associated with the variables (nodes) in a
model. Each variable had a marginal distribution derived from the



Fig. 3. Map of the anchor damage vulnerability likelihood across the GBRMWHA with an enlarged view of the Whitsundays and Shoalwater Bay region.
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observed occurrences (in effect a histogram of the variable across
the modelling domain). The linkages (lines between the nodes)
described the presence of conditional probabilities that were
derived through algorithms like gradient descent learning or from
expert opinion. Instantiating the observed state of a variable to a
particular value (i.e. coral reef ¼ present) altered the dependent
variables as a function of both the Bayes and chain rules (Varis,
1998).

The BBN was developed in the Netica software environment
(Norsys Software Corp. http://www.norsys.com/2002).

The primary steps taken to generate the anchor vulnerability
likelihoods were:

1. Construct a BBN model using expert opinion;
2. Generate a single text file (case file) consisting of 4 945 427
geospatially explicit cases describing each of the BBN states
(Fig. 2) where evidence exists;

3. Incorporate the case file into the BBN so that the probability of
observing the state at any location is a reflection of the occur-
rence across the entire GBRWHA (also known as marginal
probability);

4. Use expert opinion to update the conditional probability tables
for the BBN nodes that do not have supporting data (namely the
latent nodes X, R, Q, C, B, & S: Fig. 2);

5. On a case-by-case basis predict the anchor vulnerability likeli-
hood for each 250 m2 location based on what is known for that
case;

6. Import into ArcGIS (ESRI http://www.esri.com/2012) as a table
and construct a raster layer; and

http://www.norsys.com/2002
http://www.esri.com/2012


Fig. 4. Histogram of the likelihood of ‘high’ vulnerability to anchor damage across the
GBRWHA.
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7. Evaluate the final vulnerability result using historical data, node
sensitivity and visualisation of sub-models.
2.8. Evaluation

We used four mechanisms to evaluate the model. Firstly, the
Australian Institute of Marine Science (AIMS) research vessel tracks
that show the anchorage preferences of a professional skipper were
compared to the overall vulnerability predictions using a Wilcoxon
rank sum test. AIMS supplied the track data for the research vessel RV
Ferguson for the years 2008e2012. Tracks that were of short length
(less than 0.001�) were considered to represent the vessel at anchor.

Secondly, the GBRMPA coral reef surveying program called the
‘Eye on the Reef’ (http://www.gbrmpa.gov.au/about-the-reef/how-
the-reefs-managed/eye-on-the-reef/reef-health-and-impact-
survey) reported observations of coral damage from 2009 to 2012.
These damage reports were compared to the predicted values of
the model using a Wilcoxon rank sum test. Neither of these eval-
uations was ideal since they did not cover the range of values or
spatial extent described by this assessment.

Given the paucity of data describing anchor deployment events
across a range of locations, this application of the BBN was limited in
its calibration and evaluation. Ideally the ‘vulnerability’ state for a
Fig. 5. Boxplot of the anchor vulnerability likelihoods (square root transformed) for the enti
Health and Impact Surveys (RHIS) locations.
significant number of sites across a range of habitat types would be
used for calibration of the latent nodes (Marcot et al., 2006). Instead,
for this projectwe used expert opinion andgeneratedmaps of each of
the latentnodes (X,R,Q,C,B,& S) tovisually validate theirdistribution
of values across the GBRWHA (Fig. 1). Complementary to this visu-
alisation, the distribution of expert opinion conditional probability
was examined with a sensitivity analysis. This standard sensitivity
analysis was based on variance reduction for continuous variables
(Marcot et al., 2006). Using theNetica software function, themeasure
of the variance of the target node beliefs, given the single finding at
each of the remaining nodes in the network, was calculated.
2.9. Expert input

Expert input was essential for this assessment particularly
where insufficient data required an alternative solution. Soliciting
this input was originally intended to be a series of regional work-
shops where experts from the commercial and recreational sectors
could discuss the BBNmodel design, help populate the probabilities
where absent and review the outputs. This program element was
reduced and the expert opinion was a series of ad hoc reviews
across a range of commercial, government and recreational people.
The role of experts included commenting on visualisations of
model outputs to discretisation of input nodes and population of
the conditional probability tables for the latent nodes. Models of
this complexity and breadth commonly require expert opinion in
this manner (Levontin et al., 2011; Stelzenmüller et al., 2010).
3. Results

Across the GBRWHA, the likelihood of vulnerability to anchor
damage was estimated at a resolution of the 250 m lattice interval
for three states (Fig. 2): low, medium and high. However, since the
vulnerability states were intrinsically linked, and were more
focused on the management implications, only the likelihood
values of the ‘high’ state was used. Each cell has a ‘high’ likelihood
value within a range of 0e0.95 with a mean of 0.08 and a median of
0.02 (Fig. 3). The distribution of high anchor vulnerability across the
4 945 427 cells highlights that 81% of the GBRWHA has less than
0.10 likelihood of high vulnerability to anchor damage (Fig. 3). The
distribution of the highly vulnerable areas (defined as ‘high’
vulnerability likelihood >0.5) is concentrated, as expected, in the
shallow seagrass meadows and coral reefs near the larger cities
(Figs. 2 and 4). High visitation destinations, like the Whitsundays
(Fig. 3), with a collection of resort islands, also have elevated
vulnerability values. The distribution of the highly vulnerable
habitats is disproportionally located in the Habitat Protection Zone
re GBRWHA (All), the AIMS research vessel anchorages and the Eye on the Reef e Reef

http://www.gbrmpa.gov.au/about-the-reef/how-the-reefs-managed/eye-on-the-reef/reef-health-and-impact-survey
http://www.gbrmpa.gov.au/about-the-reef/how-the-reefs-managed/eye-on-the-reef/reef-health-and-impact-survey
http://www.gbrmpa.gov.au/about-the-reef/how-the-reefs-managed/eye-on-the-reef/reef-health-and-impact-survey


Table 3
Sensitivity of findings (variance reduction) for the Vulnerability node. Nodes not
shown have variance reductions less than 0.0003.

Node name Variance reduction

Habitat sensitivity (H) 0.2171
Coral reefs (F) 0.1144
Sea grass beds (G) 0.01508
Anchor exposure (B) 0.00542
Undisturbed habitat (J) 0.002465
Familiarity (C) 0.001066
Accessibility (R) 0.0006823
Safety and comfort (Q) 0.0005062
Local anchor placement (S) 0.000404
EMC (T) 0.0003779
Boat ownership density (L) 0.0003226
Sheltered from SE winds (U) 0.0003008
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(67%) with 16% located in Marine National Park Zone, 9% in Con-
servation Park Zone, 6% in General Use Zone and the remaining 2%
with the Scientific Research and Preservation zones.

The AIMS research vessel, RV Cape Ferguson, was observed to
anchor significantly in the regions designated as high vulnerability
(W ¼ 573 571 347, df ¼ 626, p-value < 0.001; Fig. 5). The 668 an-
chorages selected by the ship's captains are skewed strongly to-
wards the regions of high vulnerability to anchor damage especially
when compared to the possible distribution described in Fig. 3.
While this comparison can only provide a general evaluation, pri-
marily due to the size of the vessel (23 m LOA) and very specific
objectives of the voyage that are not reflective of the majority of
boating, the anchorage preferences of the skippers are shown to
adhere to the underlying logic of the model.

The 50 observations from the GBRMPA Eye on the Reef Program
(from 2009 to 2012), that noted anchor damage, were significantly
located in cells with high vulnerability likelihood (W ¼ 22 881 537,
df ¼ 49, p-value < 001; Fig. 5) compared to the range of possible
model values. A single occurrence of anchor damage does not
necessarily reflect ‘high’ vulnerability of the system to anchor
damage. However, given this comparison limitation, the Eye on the
Reef surveys also found anchor damage events in regions consid-
ered medium vulnerability to anchor damage (0.2 < P < 0.5). These
incongruent observations occurred in the Keppel Island group
where extensive survey effort was concentrated (Beeden et al.,
2014). Due to the relatively low adjacent population base, deep
inter island bathymetry and small reef areas, the BBN model rated
this area lower for vulnerability to anchor damage than expected.

Visualisation of the intermediate stages in the GIS and BBN
models (Fig. 6) provided the capacity for comment by experts in
vessel operations. The map of the latent nodes summarised the
intangible notions associated with anchor deployment in a format
that were easily understood. Maps of contributing factors at a
regional scale were essential for confidence in the overall model
development.
3.1. BBN sensitivity

The sensitivity to findings at the nodes was calculated and
presented in Table 3. The variance reduction (VR) shows that the
Fig. 6. Visualisation of the Exposure latent nodes (Fig. 1) across the GBRWHA. A. Ancho
habitat sensitivity (VR ¼ 0.2171) and the associated nodes
describing coral reefs (VR ¼ 0.1144) and seagrass meadows
(VR ¼ 0.0150) have the highest influence on the vulnerability
assessment. This result confirms the dominant role of the distri-
bution of sensitive habitat in the BBN model structure. Within the
Anchor Exposure (VR ¼ 0.0054) group, the ranking of the nodes
with the highest influence are Familiarity (VR ¼ 0.0010), Accessi-
bility (VR ¼ 0.0006), Safety and Comfort (VR ¼ 0.0005), Local an-
chor placement (VR¼ 0.0004), EMC (VR¼ 0.0003), Boat Ownership
(VR¼ 0.0003) and Sheltered from SE wind (VR¼ 0.0003). The node
Attractive had a variance reduction less than 0.0003 indicating that
this group was potentially less influential than factors such as
Shelter in this model.
4. Discussion

A spatially explicit model of the likelihood of damage caused by
anchors to coral reefs and seagrass meadows for a complex socio-
geophysical-ecological system was developed. Based on the pri-
mary drivers that influence a skipper to deploy an anchor at a set
location, a likelihood of damagewas estimated across the GBRWHA
at a resolution that was compatible with management initiatives.

The goal of the modelling exercise was not to create an estimate
of the actual anchor damage at any given site but rather the like-
lihood of vulnerability to anchor damage in the general area. This
r exposure. B. Accessibility. C. Familiarity. D. Safety and Comfort. E. Attractiveness.
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report represents the first comprehensive GBRWHA-wide assess-
ment of the vulnerability of coral reef and seagrass areas to physical
damage from anchor damage caused by recreational and com-
mercial vessel use. In combination with the cumulative exposure
model of reefs and seagrasses to environmental pressures
(Maynard et al., 2010), this model helps to identify areas where
additional or new Reef Protection Markers (RPMs) may support the
resilience and recovery of coral reefs and seagrass meadows in the
future. The model framework can be reapplied over smaller
geographic extents thus enabling higher resolution datasets to be
incorporated into the model and specific management arrange-
ments developed to manage the impacts of anchor damage. These
management arrangements may include the installation of private
and public moorings, ‘no-anchoring’ areas, detailed mapping and
education programs. The likelihood of anchor damage from tourism
activities (in the GBR) has been reduced by the installation of public
and private moorings in high use areas, designated anchoring and
no anchoring areas, RPMs and best practices guidelines (GBRMPA
2009). The draft Commonwealth Strategic Assessment recom-
mends increased investment in site infrastructure to protect mat-
ters of national environmental significance in the Great Barrier Reef
Region (GBRMPA, 2013). However there are presently limited re-
sources to meet the increasing demand for reef protection such as
moorings and reef protection markers across the GBRWHA. This
assessment provides a prioritisation of locations that are likely to
be susceptible to anchor damage and therefore benefit most from
protection infrastructure.

This assessment is based on the Exposure-Sensitivity-Adaptive
Capacity model outlined by Johnson and Marshall (2007). Howev-
er as a result of the minimal capacity of coral reefs and seagrass
meadows to adapt to anchor damage, the framework focused on
the exposure and sensitivity components. Due to the vast di-
mensions of the GBRWHA, combined with lack of robust descrip-
tive data, the habitat sensitivity was necessarily simplified. Coral
reefs were based on a polygon extent that presents a simple di-
chotomy of presence or absence while seagrass meadows had a
broad scale probabilistic measure. Data concerning the distribution
of coral structural forms (i.e. branching), which might impact on
resistance to anchor damage, were not available at the scale or
extent of this assessment. McManus et al. (1997) noted that sus-
tained anchor damage would be expected to alter the coral com-
munity composition over time, favouring encrusting forms over
branching and fragile platelike forms.

The spatial distribution of high values of vulnerability to anchor
damage was noticeably concentrated to the seagrass meadows and
coral reefs in the southern section of the GBRWHA that were close
to larger population bases. In particular, the cities of Cairns and
Townsville exerted a significant increase on the likelihood of an-
chor damage. Groups of islands, such as the Whitsundays and the
Palm Island Group, were popular for recreational vessels since they
provided shelter and fishing opportunities. The fringing reefs
around these islands were often fragile (Harriott and Banks, 2002)
and anchor damage has been observed at these sites by monitoring
programs (Beeden et al., 2014; Dinsdale and Harriott, 2004).
Identifying the regions that require more detailed understanding of
vessel anchoring behaviour will result in more effective manage-
ment to increase ecosystem resilience. To ensure the future of the
GBR, as many pressures as possible need to be reduced, allowing
the ecosystem to be more resilient to the pressures that remain.
Building and maintaining resilience is central to protecting the
GBRWHA (Maynard et al., 2010).

Integrating the anchor vulnerability data with spatially explicit
assessments of stress factors, such as climate change, land run off
etc. will highlight the areas that are subject to multiple stressors.
Regions that suffer from high natural disturbance or increased
pressure from human activity will be vulnerable to additional
disturbance (Hallac et al., 2012). Themodel presented here does not
attempt to integrate or account for all stressors directly affecting
coral reefs or seagrass meadows. For this reason, the provision of
spatially explicit estimates of anchor damage vulnerability for the
GBRMPA is essential for coordinated management effectiveness
(Johnson and Marshall, 2007) and enabling debate on damaging
processes (Measham and Preston, 2012).

Given that the scale was set at the 250m lattice interval in order
to align with the digital elevation model (Lewis and Hutchinson,
2001), numerous areas identified as very high vulnerability
(‘High’ vulnerability >0.56, Fig. 3) were open sandy areas that were
highly suited to anchor deployment. This scale-based dilemma is
important to consider in the interpretation despite some explicit
components (namely the local anchor misplacement (S) node)
within the BBN model. The scale issue was difficult to avoid with
the data available and was particularly relevant to the deep coral
reefs. Mesophotic reefs are coral reefs that exist from 30 to 200 m
and often remain relatively undisturbed by natural events such as
cyclones (Harris et al., 2012). While notably under-studied, there is
considerable evidence that these reefs act to assist the resilience of
the shallow coral reefs (Bridge and Guinotte, 2013; Harris et al.,
2012) especially in the face of climate change (Van Oppen et al.,
2011). However they are fragile and highly susceptible to distur-
bance such as repeated anchor damage. Recovery from localised
damage can be slow (Rogers and Garrison, 2001). The model pre-
sented here used a coral extent layer (Harris et al., 2012) that
included mesophotic reefs and had regions that were not consid-
ered sensitive to anchor damage (i.e. muddy substrate). However,
given the possibility that coral was predicted to be able to grow
anywhere within that general locality (Harris et al., 2012), we used
the precautionary principle to accept this polygon layer as a
boundary definition of coral reefs. In addition, the relationship
between coral mortality because of anchor damage and the con-
centration of boats over a reef indicates that reefs with low coral
cover would be particularly susceptible to anchor damage. This is
because the anchors and chain rode tend to drag until coral
structures are encountered, and so the number of corals damaged
relates to the number of anchor events instead of coral cover
(McManus et al., 1997).

While the presence of sensitive habitat is important to a
vulnerability assessment of this nature, the predominant destruc-
tive pressure undoubtedly originates in social systems (Dinsdale
and Harriott, 2004). This spatially enabled assessment, with spe-
cific reference to key drivers of anchor deployment, is particularly
suited to provoking debate at a local community scale especially
within the established reference groups. Each of the factors,
captured by the input nodes, could be modified to help ameliorate
the anchor exposure, especially in localities that are subject to
multiple stressors. The establishment of the No Anchor Areas in the
Keppel Islands by the Local Marine Advisory Committee was such
an example (Beeden et al., 2014). Social engagement to oper-
ationalise resilience was enhanced with locality specific assess-
ments that highlighted the need for action (Measham and Preston,
2012).

Complicated assessments of vulnerability need to be considered
as a work in progress due to the subsequent identification of data
gaps and deficiencies. For this assessment, two key factors were
poorly captured. Firstly the number and itineraries of private do-
mestic vessels visiting the GBRWHA from outside the region were
not recorded. While this visitation rate is not expected to be high in
comparison to the vessels launched from local cities, the visiting
vessels tend to be active in exploring and using the marine park.
The guide books (Table 1) capture some of this usage but the
damage caused in popular locations is relatively unknown



S. Kininmonth et al. / Ocean & Coastal Management 100 (2014) 20e3130
(Dinsdale and Harriott, 2004). The second deficiency relates to the
lack of data collection for specific localities used by recreational
vessels anchoring across the GBRWHA. Commercial tourism vessels
have detailed reporting requirements and operate within permit
conditions but the same size vessels operated privately are not
required to record any trip details. Given the resolution of this
model, further spatial differentiation of the vulnerability assess-
ment would require historical data describing anchorage patterns
across the GBRWHA. Analysis of remote sensing images may pro-
vide the solution here since mandatory reporting by skippers is not
expected to have community support.

Evaluation of the accuracy for this model is particularly difficult.
Systematic surveys and records of vessels at anchor were not
available, except for the AIMS research vessel, and this limited the
statistical appraisal. In situ surveys that systematically examine the
deeper waters often used by anchoring vessels was limited to the
Keppel Island group. The Eye on the Reef program conducted few
surveys at depths deeper than 12 m and tended to focus on coral
formations rather than the sandy substrate. Targeted surveys from
10 to 20 m deep in the regions adjacent to the reef edge would
enable a greater understanding of the model's accuracy.

The use of a BBN, rather than the traditional spatial overlay
methods, enables the integration of social data with ecological and
geophysical data. Understanding the linkages in such a complex
system requires expert opinion (Dlamini, 2010), especially in the
absence of robust empirical data (Kuhnert and Hayes, 2009).
Ideally, however, a range of model types and configurations should
be developed to ascertain the sensitivity of the vulnerability
assessment to the various components (Marcot et al., 2006). To
understand themodel response to fluctuations in parameter values,
the sensitivity of the final result (that of the vulnerability likeli-
hood) to changes in each of the nodes ranks the influence of each
node to the model prediction. In some cases, an expert panel may
want to review the influence of certain components within the BBN
model. The spatial distribution for each of the latent nodes (i.e.
Familiarity) was mapped (Fig. 6) and was included for discussion so
that local expertise could reflect on the relevant likelihood values.
The transparent nature of the BBN structure (with both node de-
pendencies and conditional probability tables) is particularly suit-
able to data integration projects of this type.

Identification of highly vulnerable natural features within the
GBRWHA is a primary step to protective policy, governance and
legislative initiatives. The impact of an assessment is dependent on
the community perception that the vulnerability descriptions are
salient, credible and legitimate (Johnson and Marshall, 2007).
Integration with existing statutory instruments, such as the Marine
Park Zoning Plans (GBRMPA et al., 2004), will also determine the
effectiveness of the assessment. Systematic implementation of
moorings, RPMs and No Anchoring Areas can address the areas of
highest concern. Future projections of population changes and
vessel registrations can be used to predict stress before damage
reports motivate the management response. Highly vulnerable
habitats may require review to ensure the current management
regime is sufficient to ensure the persistent resilience of the habitat.
This is particularly pertinent given that 67% of habitats that are
classified as highly vulnerable to anchor damage are in the Habitat
Protection Zones. This spatially enabled BBN approach will extend
the previously limited textual descriptions to the policy and
governance frameworks while ensuring enhanced involvement
from the marine community.

5. Conclusions

Coral reefs and seagrass meadows in the GBRWHA continue to
experience increased levels of damage primarily as a result of
anthropogenic stress (De'ath et al., 2012; Hughes et al., 2003).
Vulnerability assessments that examine a wide range of threat-
ening processes provide a mechanism to link community knowl-
edge and policy and governance frameworks (Johnson and
Marshall, 2007). However the translation from conceptual de-
scriptions to spatial maps is often circumvented due to the complex
anthropogenic dependencies and lack of suitable data. Coupling a
GIS with a BBN facilitates the inclusion of expert opinion with a
mixture of highly disparate data in an open and transparent
manner (Stelzenmüller et al., 2010). The anchor vulnerability
assessment described here incorporates social, geophysical and
ecological factors in a single cohesive framework. Predictions
indicate that while the majority of the GBRWHA is not threatened
by anchor damage, a significant number of highly vulnerable
habitat sites exist without adequate protection. This vulnerability
assessment can inform long-term strategic actions to minimise
human causes of physical damage to coral and seagrass from
anchoring. It is also a useful guide to identify locations where im-
mediatemanagement actions to limit anchor damage could be used
to offset coral or seagrass damage that has been caused by extreme
weather events.
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