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Abstract
The need for mechanisms to protect, maintain and restore global marine biodiversity has
been globally recognised. Systematic conservation planning algorithms, such as MARXAN,
are now a preferred solution for designing marine protected areas (MPAs) that achieve
conservation targets while minimising the socio-economic impacts. While MARXAN is
widely used for marine conservation planning, there has been little research into the
effects that the quality of benthic habitat data have on the outcome of the planning
process. This study investigates the effects that habitat data of differing thematic and
spatial resolutions have on the design and efficiency of a MPA at Rottnest Island, Western
Australia.
Rottnest Island is surrounded by relatively shallow water and seagrass, Ecklonia,
Sargassum, algal turf, rocky platforms and sand comprise the dominant habitat types.
Benthic habitat data derived from Geoscan and Quickbird multispectral, and HyVista
hyperspectral sensors were used. Spatial resolution varied from 2.4 - 5 m pixels, and
thematic resolution from four to six habitat classes. In combination with prominent
biodiversity features and human usage patterns, the influence of the three habitat
datasets on planning outcomes was compared. MARXAN analysis was conducted on each
habitat map using 50x50 m planning units, with 30x103 repetitions, and 2x106 iterations
per repetition. A conservation target of 30% for all habitat types was used.
Site selection frequencies were similar for the three habitat maps, although the selection
of core planning units differed. Multispectral data consistently gave better results, with
cheaper, smaller and more efficient MPAs. Finer spatial resolution and increased thematic
complexity are preferable for conservation planning, and gave more efficient designs.
Hyperspectral data offered no obvious advantage in the MARXAN analysis.
In addition to comparing the outputs from MARXAN, the existing Rottnest Island Authority
sanctuary zones were analysed to assess their effectiveness in achieving conservation
targets. The current sanctuary zones did not meet the targets set in this study. Benthic
rugosity was combined with the Quickbird habitat map to determine the additional area
required to meet conservation targets. Improved sanctuary zones required 37-42% of the
Rottnest Island marine reserve to meet the conservation targets set in this study.
This work is of relevance as much of Australia’s coastal waters require conservation
efforts, and the procurement of benthic habitat data are an expensive component of MPA
planning. This study has shown that cheaper multispectral data may be used to map
benthic habitats for biodiversity surrogacy in future conservation planning exercises.
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1Introduction
The need for mechanisms to protect, maintain and restore marine biodiversity has been
globally recognised (Allison et al. 1998, Mangel 1998, Lubchenco et al. 2003). Marine
Protected Areas are one such mechanism, and their design and implementation has
received much attention amongst the scientific community (e.g. Leslie 2005, Sarkar et al.
2006, Klein et al. 2008).
Marine Protected Areas (MPAs) are defined as “clearly defined geographical spaces,
recognised, dedicated and managed ... to achieve the long-term conservation of nature
with associated ecosystem services” (Dudley 2008). The fundamental role of any MPA is to
separate elements of biodiversity from actions that threaten their existence in the wild
(Margules and Pressey 2000). Biodiversity is defined as ‘variability among living organisms
from all sources ... including among species and ecosystems’ (Gray 1997). MPAs must also
account for both broad and fine scale processes, which influence the distribution and
abundance of biodiversity (Allison et al. 1998). These patterns and processes often occur
at scales much broader than those found in terrestrial ecosystems, and often extend
beyond the area a MPA can encompass (Allison et al. 1998). MPAs should be designed so
that they protect both broad-scale patterns and processes, as well as localised, fine scale
biodiversity.
The International Union for the Conservation of Nature (IUCN) developed a framework of
six categories that reflect different levels of protection (Table 1). Areas of highly unique
biodiversity should be fully-protected (IUCN category Ia or Ib). Other IUCN categories are
designed to both protect specific areas, habitats or features, and permit extractive and
non-harmful activities where these activities pose no threat to the feature being conserved
(Table 1).
In Australia, MPAs are managed by state or commonwealth governments, depending upon
the jurisdiction of the waters in which the MPA is declared. MPAs within state waters (high
water mark – 3 nautical miles [nm] offshore) are declared and managed by the state
governments. MPAs in commonwealth waters (3 – 200 nm offshore) are managed by the
commonwealth government. Commonwealth MPAs are declared and managed under the
Environmental Protection and Biodiversity Conservation Act 1999, which incorporates the
IUCN framework of six categories (Table 1).
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Table 1

Definitions of the IUCN protected area management categories. Source:
Dudley (2008)

Category
Ia
Strict Nature Reserve:
protected area managed
mainly for science

Description
Area of land and/or sea possessing some outstanding or
representative ecosystems, geological features and/or
species, available primarily for scientific research and/or
environmental monitoring

Ib
Wilderness Area:
protected area managed
mainly for wilderness
protection

Large area of unmodified or slightly modified land, and/or
sea, retaining its natural character and
influence, without permanent or significant habitation, which
is protected and managed so as to preserve its natural
condition

II
National Park:
protected area managed
mainly for ecosystem
protection and recreation

Natural area of land and/or sea, designated to
(a) protect the ecological integrity of one or more
ecosystems for present and future generations,
(b) exclude exploitation or occupation inimical to
the purposes of designation of the area and
(c) provide a foundation for spiritual, scientific,
educational, recreational and visitor opportunities, all of
which must be environmentally and
culturally compatible

III
Natural Monument:
protected area managed
mainly for conservation of
specific natural
feature

Area containing one, or more, specific natural or
natural/cultural features which is of outstanding
or unique value because of its inherent rarity, representative
or aesthetic qualities, or cultural
significance

IV
Habitat/Species
Management Area:
protected area managed
mainly for conservation
through management
intervention

Area of land and/or sea subject to active intervention for
management purposes so as to ensure the maintenance of
habitats and/or to meet the requirements of specific species.

V
Protected
Landscape/Seascape:
protected area managed
mainly for landscape/
seascape
conservation and
recreation

Area of land, with coast and sea as appropriate, where the
interaction of people and nature over
time has produced an area of distinct character with
significant aesthetic, ecological and/or
cultural value, and often with high biological diversity.
Safeguarding the integrity of this
traditional interaction is vital to the protection, maintenance
and evolution of such an area

VI
Managed Resource
Protected Area: protected
area managed mainly for
the sustainable
use of natural ecosystems

Area containing predominantly unmodified natural systems,
managed to ensure long-term protection and maintenance of
biological diversity, while providing at the same time a
sustainable flow of natural products and services to meet
community needs.
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Each Australian state has its own framework of MPA categories. Within Western Australia,
MPAs are implemented and managed by the Department of Environment and Conservation
(DEC), and declared under the Conservation and Land Management Act 1984 (DEC
2011a). MPAs within Western Australia are not designed to fit within the IUCN framework;
however they can be given an IUCN equivalent (Table 2). Other MPAs, such as the
Rottnest Island marine reserve, are managed by separate authorities and declared under
separate acts (Table 2).
Table 2

Western Australia MPA framework. Compiled from RIA (2009), DEC (2011b)
and DoF (2011). DEC – Department of Environment and Conservation, RIA
– Rottnest Island Authority, DoF – Department of Fisheries.

MPA Category

IUCN
Equivalent
Ia

Managing
Authority
DEC

Act(s)

Example

CALM Act 1984

Sanctuary zone

Ia

DEC

CALM Act 1984

Hamelin Pool
Marine Nature
Reserve
Marmion Marine
Park, Ningaloo
Marine Park

General Use zone

VI

DEC

CALM Act 1984

Recreation zone

VI

DEC

CALM Act 1984

Special purpose zone

VI

DEC

CALM Act 1984

VI

DEC

CALM Act 1984

Sanctuary zone

II

RIA

RIA Act 1987

Recreation zone

VI

RIA

RIA Act 1987

VI

DoF

Fish Resources
Management
Act 1994

Marine Nature
Reserves
Marine Parks

Marine Management
Area
Rottnest Island
Marine Reserve

Fish Habitat Protection
Area

Murion Islands
Marine
Management
Area

Cottesloe Reef
FHPA
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1.1 Marine systematic conservation planning
Historically, MPAs were designed and implemented on an ad-hoc basis, with little or no
scientific rationale (Roberts and Hawkins 2000). The location of ad-hoc MPAs were often
driven by public pressure, politics, and industry needs, and, as a result they often failed to
conserve biodiversity (Stewart et al. 2003). Stewart et al. (2003) showed that most of the
existing ad-hoc MPAs implemented in South Australian coastal waters were not included in
a MPA network selected using systematic conservation planning techniques. As a result,
the use of ad-hoc techniques is now recognised as inefficient and inadequate for the
protection of biodiversity (Stewart and Possingham 2002, Sarkar et al. 2006).
Over the years, a number of conservation planning methods have been developed (i.e.
hotspot, biogeographic, and iterative selection) (Pressey et al. 1993, Leslie 2005). Of
these, Fox and Beckley (2005) found a systematic, iterative approach to be the most
efficient method for identifying priority areas for the conservation of fishes in Western
Australia (WA). This method, whereby a minimum number of complementary sites are
selected to protect a suite of species, is the basis of systematic conservation planning
(Margules and Pressey 2000).
Marine systematic conservation planning (SCP) is the process of systematically identifying
areas of the ocean that adequately represent the conservation features to be protected
(Stewart and Possingham 2002). Systematic conservation planning requires explicit
objectives,

formulated

into

well-defined

problems

(Margules

and

Pressey

2000).

Systematic conservation planning can also account for multiple features, across multiple
scales, and can help conservation planners to identify ‘hot spots’, or areas which are
imperative for the conservation of biodiversity (Margules and Pressey 2000, Leslie 2005).
Systematic conservation planning allows MPAs to be established away from high humanuse areas, minimizing the socio-economic impact, by including socio-economic cost into
the design process (Ban 2009, Ban et al. 2009). Systematic conservation planning is
widely considered to be best practice for marine conservation planning because it
facilitates a transparent, inclusive and defensible decision-making process (Game and
Grantham 2008).

1.1.1 Size of MPAs
MPA design should be based on the established conservation planning principles of
comprehensiveness, adequacy and representativeness. A MPA should be comprehensive
enough to include the full range of ecosystems and features to be conserved, provide
adequate protection for those features to meet conservation targets, and should be
representative of the area, habitats, species and ecosystems it is designed to protect
4

(Roberts and Hawkins 2000). Ideally, each biodiversity feature (e.g. habitat) protected in
a MPA should be representative of the whole feature, and cover any variation within each
feature (Wilson et al. 2010). Hastings and Botsford (2003) concluded that MPAs designed
for the preservation of biodiversity should ideally encompass the mean dispersal distance
of the protected species. Simply protecting one small component of an ecosystem will
severely limit the capacity of a MPA to effectively conserve biodiversity (Stewart et al.
2003).
Ecological processes occur across several scales, and can span vast areas of the ocean.
The creation of a network of connected MPAs that encompasses these processes is more
effective than isolated, individual MPAs (Stewart et al. 2003). In an ecological sense, a
network of MPAs is connected oceanographically by larval dispersal and juvenile or adult
migration (Wood 2011). Networking of MPAs allows for connectivity, increasing the
resilience of biodiversity to disturbance, both in the short and long term, and allowing for
replication, and spatial cohesion (Roberts and Hawkins 2000, Halpern 2003, Stewart et al.
2003).

Networks with fewer MPAs and a shorter perimeter are invariably easier and

cheaper to both implement and manage (Ban et al. 2011). As a result, a network of fewer,
larger MPAs is favoured over many small ones because of the increased biodiversity
protection, and lower management costs.
To ensure that the SCP process properly protects all biodiversity features, detailed
information on the distribution of biodiversity is required (Pressey 2004, Smith et al.
2006). However, comprehensive fine-scale data on the biodiversity features of a region
are often unavailable, and marine data are sparse, and often biased toward areas of high
usage (Ban 2009). Incomplete information means that biodiversity surrogates are often
used in SCP (Wood 2011). Surrogates may be biological (i.e. habitat) or abiotic (i.e.
bathymetry) and can occur across a range of scales to encompass biodiversity process and
patterns (Ward et al. 1999, Dalleau et al. 2010). The choice of surrogate often depends
upon the scale of the analysis, and the availability of data for the area (Wood 2011).
Benthic habitat is the most commonly used surrogate for biodiversity in MPA planning
(Ward et al. 1999, Stoms et al. 2005). In the context of systematic conservation planning,
benthic habitat is defined as including both geomorphic features, such as sediment types,
and biotic features, such as primary producers (Dalleau et al. 2010). Often geomorphic
and biotic features will be combined to increase the thematic complexity of a map. Benthic
habitat data for shallow waters are relatively easy to obtain, and can provide a good
representation of species and ecosystem distribution (Ward et al. 1999). Additionally,
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benthic habitat can be mapped to a high level of accuracy over large areas using
remotely-sensed data (Mumby et al. 1998, Mishra et al. 2007).

1.1.2 Social and economic implications
Every MPA, no matter how big or small, will have some socio-economic cost associated
with it (Stewart and Possingham 2005). Incorporating socio-economic costs into a MPA
design will ensure that the MPA is more robust, and better achieves its conservation
targets (Ball and Possingham 2000, Ban et al. 2009). Ultimately, it is the socio-economic
aspects that will determine the success of a MPA (Stewart and Possingham 2005).
Although the main economic cost of MPAs is their impact on industries, such as fisheries or
oil and gas, social costs may come in the form of increased tourism, or decreased public
access (Mascia 2004, Game and Grantham 2008).
Unlike their terrestrial counterparts, MPAs must protect areas of common property, where
a fixed value per unit area is almost impossible to calculate. Instead, the cost of MPAs is
calculated using available socio-economic datasets (i.e. fisheries CPUE). Obtaining a
continuous socio-economic data set for the entire study area is difficult, as data are often
sparse, or collected on a coarse scale, limiting the capability of planners to design effective
MPAs (Richardson et al. 2006, Ban et al. 2009).
Systematic conservation planning allows conservation planners to incorporate socioeconomic costs into the MPA design, while still maximising biodiversity protection (Ball and
Possingham 2000, Margules and Pressey 2000). This generally occurs through the
involvement of stakeholders, and the collection of socio-economic data in a spatial format
(Game and Grantham 2008, Pomeroy and Douvere 2008). The SCP process allows for the
incorporation of socio-economic data from the initial design stages, increasing general
acceptance and compliance with no take zones (Richardson et al. 2006), and resulting in
MPAs that are more efficient at achieving conservation targets.

1.1.3 Target setting
The setting of conservation targets is an essential component of SCP (Lieberknecht et al.
2010). The SCP process is dependent upon clearly defined targets, accountability and
defensibility (Margules and Pressey 2000). Targets underpin the SCP process by providing
a clear purpose for conservation decisions (Wood 2011). Targets may be related to
biodiversity protection or socio-economic goals and aims, but to be properly implemented
and achieved must be quantitative and easily defined (Lieberknecht et al. 2010, Wood
2011). Further, quantitative targets provide a benchmark against which to measure the
success of a conservation area (Desmet and Cowling 2004).
6

Biodiversity targets can include the protection of a particular species, while spatial targets
refer to the protection of a certain amount of area or habitat (Rondinini and Chiozza 2010,
Wood 2011). Targets can differ between species, habitat type, data type or area, so that
each feature is adequately protected by the MPA (Lieberknecht et al. 2010, Wood 2011).
Improper use of targets can result in poor performance of a MPA. For example, an area
target of 34% does not necessarily mean 34% of all biodiversity features are protected
(Beckley and Lombard 2011).
There is, at present, no clear indication of exactly how much should be protected for the
adequate conservation of biodiversity. Scientific consensus is that somewhere between
20-40% of each species should be protected by a MPA system, as this is the proportion of
fish populations that should be protected to ensure stocks are not depleted beyond
recovery (Goodyear 1993, Roberts and Hawkins 2000). The World Parks Congress set a
target for 30% of the habitats of the world’s oceans to be strictly protected by 2012
(Wood 2011). Within Australia, both the Great Barrier Reef and Ningaloo Reef Marine
Parks have >30% of their total area protected to IUCN category II or higher (Table
1)(GBRMPA 2004, MPRA and CALM 2005).
Rondinini and Chiozza (2010) found that over half of the studies they reviewed used a
fixed percentage target across biodiversity surrogates to be protected. Other techniques
for determining how much to protect included species-area curves and population-viability
analysis. A species-area curve is a method which allows the conservation planner to
determine the minimum area required to represent a percentage of all species present
(Desmet and Cowling 2004). Population-viability analysis entails the evaluation of data
and models for a population to determine the area of habitat and connectivity required for
the population to persist into the future (Boyce 1992). Population-viability analysis
requires a large amount of highly detailed data, and so has limited use in multi-species
site selection problems (Cabeza and Moilanen 2001).

1.2 Conservation planning software
Conservation planning software was originally developed for terrestrial applications, and
has evolved to marine applications. C-Plan was developed as a decision-support system
for terrestrial conservation planning, but has been used in marine SCP (Pressey et al.
2005,

Pressey

1999).

Given

biodiversity

distribution

data,

C-Plan

calculates

the

irreplaceability of a planning unit for conservation management (Pressey et al. 2005). An
irreplaceable planning unit is defined as one that contains biodiversity features so unique
that they must be protected. However, C-Plan does not have a cost function, and so
7

conservation plans generated by it are limited with respect to evaluating the costs and
benefits of conservation planning (using socio-economic data) (Pressey et al. 2005).
MARXAN is a computer algorithm developed by Ball and Possingham (2000) that delivers
decision-support for MPA design. MARXAN was originally developed from SPEXAN,
designed primarily for terrestrial conservation planning. MARXAN was initially developed
for use on the Great Barrier Reef, Queensland, however, it has been applied in many
situations worldwide (Stewart and Possingham 2002, Possingham et al. 2009, Possingham
et al. 2010).
MARXAN uses simulated annealing to design MPAs which are comprehensive, adequate
and representative. Simulated annealing is a non-exact algorithm that finds a set of nearoptimal solutions, rather than the optimal solution. An exact algorithm, to find the optimal
solution, would simply take too long, and so is impractical. MARXAN uses simulated
annealing as it is much more likely to get closer to the optimal solution than other nonexact algorithms (i.e. the greedy heuristic) (Ball and Possingham 2000, Game and
Grantham 2008).
MARXAN designs MPAs that meet conservation targets set by the planner, while
minimising the cost of the MPA network (Ball and Possingham 2000). The study area is
divided up into planning units, which are the spatial units used by MARXAN to design the
MPA (Ball and Possingham 2000). Planning units are either ‘in’, or ‘out’ of the MPA design.
Good quality biodiversity distribution and socio-economic cost data are required for an
efficient MARXAN analysis (Game and Grantham 2008). Habitat maps are the most
common method for spatially representing biodiversity (Game and Grantham 2008, Ban
2009).
The cost is a combination of the social and economic value, derived from a number of
spatial data layers such as fisheries catch data, tourism, human use, or distance from port
(Grantham et al. 2011). The higher the cost of the area, the more expensive it is to be
included into the MPA design (Ball and Possingham 2000).

1.3 Remotely-sensed data and habitat mapping
Remote sensing is defined as ‘the measurement of an object’s properties ... using data
acquired from a distance’ (Schowengerdt 1996). Put simply, optical remotely-sensed data
are acquired using satellites and airborne imaging devices that measure electromagnetic
radiation (Lillesand et al. 2004). In the context of marine systematic planning, optical
remotely-sensed data are most commonly used for benthic habitat mapping.
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Optical remotely-sensed data have been widely used for terrestrial vegetation mapping
(e.g. Goward et al. 1985, Tucker and Choudhury 1987), however, only in recent times
have they been applied to underwater benthic habitat mapping (Mumby et al. 1997,
Chauvaud 1998). This is largely because of the added complexity of water clarity, surface
interference (i.e. sunglitter) and the limited depth to which habitats can be accurately
mapped because of the absorbing properties of water, which limits the spectrum available
for underwater mapping to the visible spectrum (Lehmann and Lachavanne 1997, Fyfe
2003). The methods for processing of remotely-sensed data are relatively routine, and
range from very simple (Lyzenga 1978) to more complex (Heege and Fischer 2004).
Passive, optical, multispectral and hyperspectral sensors are most commonly used for
shallow water benthic habitat classification (Mishra et al. 2006, 2007, Kendall and Miller
2008, Roelfsema 2009). Passive sensors collect data by measuring the amount of
electromagnetic radiation reflected or emitted from the surface of an object (Juds 1988).
Passive sensors are usually aircraft or satellite based, and can detect at a range of
spectral resolutions (Lillesand et al. 2004). Passive sensors are most commonly used in
the marine environment for measuring chlorophyll-a (Platt 1986), shallow water habitat
mapping (Mishra et al. 2006, 2007, Kendall and Miller 2008) and for the derivation of
bathymetry (Lyzenga 1978, Lee et al. 1999).
Multispectral data have been used extensively for mapping benthic habitat types (e.g.
Mumby et al. 1998, Phinn et al. 2008). Multispectral data are recorded in a few, wide
bands, and are best suited to applications where the classification of habitat is not
required at a high thematic or taxonomic resolution (Lillesand et al. 2004). Thematic
resolution is defined as the number of habitat classes, while taxonomic resolution refers to
the distinction between similar species. Multispectral data have been used to map major
coral reef, macro-algae and seagrass benthic habitats to very high accuracy (Mumby et al.
1998, Mishra et al. 2006), and are by far the most commonly used remotely-sensed data
for habitat mapping for conservation planning (Dalleau et al. 2010).
Hyperspectral data are more accurate for the classification of habitats to a greater
taxonomic resolution (Fyfe 2003). Hyperspectral data are collected at a very high spectral
resolution, with multiple bands across the electromagnetic spectrum (Lillesand et al.
2004). These data provide a detailed spectral response for mapping benthic habitats, and
have been used extensively for mapping complex coral reef habitats (e.g. Mumby et al.
2004, Kutser et al. 2006) and algae and seagrass habitats (Dierssen and Zimmerman
2003, Harvey 2009, Roelfsema 2009). Hyperspectral data are particularly helpful when
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used with spectral libraries, which can, in turn, be used for distinguishing between
different taxa in complex ecosystems. Mishra et al. (2007) showed that hyperspectral data
had the advantage of being able to distinguish between similar species in a coral reef
environment. For this reason, hyperspectral imagery is preferred for mapping habitats that
require a high level of taxonomic classification and thematic accuracy. Habitat maps
derived from both hyperspectral and multispectral sensors were used in this study.
Hyperspectral and multispectral data are most efficient when used for habitat mapping in
oligotrophic waters, such as those found within the Rottnest Island marine reserve.

1.4 Project rationale and aims
The effectiveness of MARXAN in generating acceptable MPA designs largely depends upon
the quality and quantity of the data sets used, and the targets set by the conservation
planners (Ball and Possingham 2000). The spatial resolution of the data can have a large
effect on the outcome of the conservation planning process (Rouget 2003). However,
there has been relatively little evaluation of the quality and type of data required for these
algorithms and how, in turn, the accuracy of the planning solution is affected.
The effect of abiotic and biotic environmental data on MPAs designed using MARXAN and
other systematic methods have been studied. Ban (2009) found that biotic datasets were
the most important for MPA design, and the design process was robust with the removal of
up to 15 (of 33 tested) biotic and abiotic datasets. Carvalho et al. (2010) studied the
effect on MPA design of different types of species distribution data, and recommended that
several types of distribution data be used when designing protected areas.
Some research has been conducted into the effects of the thematic and spatial resolution
of habitat data on general systematic MPA design, with high thematic resolution habitat
data proving to be a better biodiversity surrogate than low resolution data (Kendall and
Miller 2008, Dalleau et al. 2010). Despite the importance of biotic datasets to MPA design,
and the widespread use of habitats as biodiversity surrogates in conservation planning, no
research appears to have been conducted to date on the effects of spatial and thematic
resolution of benthic habitat data on MPA design.
The aim of this project is to demonstrate the effects of the thematic and spatial resolution
of habitat maps on the output of the conservation planning software MARXAN, and
ascertain if cheaper, commonly available, archival multispectral imagery is adequate for
conservation planning in oligotrophic waters. This project uses three habitat maps for the
subtidal area of Rottnest Island of differing thematic and spatial resolutions and socioeconomic data derived from previous studies. A further aim of this project was to assess
10

the adequacy of the existing Rottnest Island marine sanctuaries for protecting biodiversity,
and to determine any additional extensions required to meet conservation targets.
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2Methods
2.1 Study site
Rottnest Island is located at 32°S, 115.5°E, 17 km west of Fremantle, Western Australia
(Figure 1). Rottnest Island is 12 km long and 4 km wide, and is surrounded by relatively
shallow water (<30 m deep). Seagrass, macroalgae (Ecklonia, Sargassum), algal turf,
rocky platforms and sand comprise the dominant habitat types (Harvey 2009). The island
and its surrounding waters are an A-class marine reserve, managed by the Rottnest Island
Authority (RIA). Sanctuary (no-take) zones comprise 17% of the marine reserve. The
current sanctuary zones were established by the RIA marine management strategy in
2007, and are due to be re-evaluated in 2012 (RIA 2007).
Rottnest Island is an area of marine biogeographic overlap, with both tropical and
temperate species found in its waters (Wells and Walker 1993). This is driven by the
southward flowing Leeuwin Current, which is responsible for transporting the larvae of
tropical fish, invertebrates and plants southward (Hutchins 1994, Cresswell 2009).
Rottnest Island hosts the southernmost colony of tropical coral, Pocillopora damicornis, in
the world (Veron and Marsh 1988). Studies have recorded 347 species of macro-algae and
nine species of seagrasses, mostly Posidonia spp. and Amphibolis spp. (Huisman and
Walker 1990, Walker and Wells 1999).
A total of 189 species of crustaceans (Jones and Morgan 1993), 86 species of echinoderms
(Marsh and Pawson 1993) and 350 species of fishes, 90 of which are tropical (Hutchins
1979, Wells and Walker 1993), have been recorded in the waters around Rottnest Island.
Of the molluscs found at Rottnest, 16% are endemic to the Perth region (Morgan and
Wells 1991). Humpback (Megaptera novaeangliae) and Blue (Balaenoptera musculus)
whales can often be seen from Cape Vlamingh during the migratory season (RIA 2007).
There are small Australian sealion (Neophoca cinerea) and New Zealand fur seal
(Arctocephalus forsteri) populations at Dyer Island and Cape Vlamingh. Loggerhead turtles
occasionally use Green Island as a resting location during winter (RIA 2007). Rottnest
hosts a small yet diverse avifaunal population, Storr (1964) observed a total of 105 bird
species on the island.
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Figure 1

Existing Rottnest Island marine reserve, showing sanctuary, recreational and general use zones.
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Rottnest Island plays a vital role in the Western Australian tourism industry, with over
500 000 visitors each year. Of these, 48% have returned >10 times, and 35% stay for
one or more nights (RIA 2007, RIA 2009). The majority of visitors arrive by ferry, and a
large percentage are families with children (RIA 2009). Scuba diving, snorkelling, surfing
and fishing are the major recreational activities (Smallwood and Beckley 2008).
Smallwood et al. (2006) found that recreational fishing effort concentrated around the
Thompson Bay settlement area, and the eastern side of Rottnest, with fishing pressure
highest in April, May and July. Smallwood and Beckley (2008) studied the boating
pressure on Rottnest, and found that mooring occupancy was highest in summer.
There is a small commercial Western Rock Lobster (Panilurus cygnus) fishery operating
within the Rottnest Island marine reserve (herein referred to as ‘the marine reserve’).
The fishery applies to waters between 800 - 1600 m from the shoreline, between Parker
Point and Cape Vlamingh (Figure 1) (West Coast Rock Lobster Management Plan 1993).
Given the small extent of the fishery occurring within the marine reserve, and the
significantly larger recreational rock lobster fishery at Rottnest Island, commercial catch
data were not used for this study.
The unique nature of Rottnest Island’s biodiversity, as well as its high level of human
usage, means that the RIA is under considerable pressure to both meet the conservation
goal of maintaining and protecting the natural environment of the island, and the social
and economic expectations of visitors (RIA 2007).

2.2 Data sets for MARXAN analysis
Data were obtained from several sources for this project, and were grouped into two
categories: biodiversity and cost (human use) data (Table 3). Biodiversity data consisted
of benthic habitat, species distribution, and bathymetry data (Table 3). Benthic habitat
and bathymetry data were used as a surrogate for general biodiversity, while species
distribution data could only be obtained for pinniped resting sites, osprey nests and
seabird feeding and roosting sites (Table 3). Cost data were derived from spatial
information on the socio-economic activities occurring within the marine reserve.

2.2.1 Benthic habitat data
Three habitat maps derived from different sources were used for the purpose of this
study. A habitat map was created from Quickbird multispectral imagery for the waters
surrounding Rottnest. Other habitat maps were obtained from the Department of
Environmental Protection (DEP 1996) and Harvey (2009), created at different spatial and
thematic resolutions.
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Table 3

Summary of datasets and sources used for this study. Data were split into
two broad categories, biodiversity data and cost data.

Type
Biodiversity
data

Habitat

Bathymetry

Species distribution

Cost
(human
use) data

Recreational
pressure

Shore-based fishing

Mooring and jetties
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Description
Quickbird habitat map

Source
This study

HyMap habitat map
created in 2009
Geoscan Habitat map
created for the southern
coastal metropolitan
waters
Depth values for the
Rottnest Island marine
reserve
Distribution data for
pinnipeds (New Zealand
Fur Seal and Australian
Sealion)
Osprey nesting sites

Harvey (2009)

Significant bird locationsSignificant nesting,
roosting and foraging sites
for shorebirds as recorded
by Birds Australia
volunteers in January
2011
Anecdotal bird locations Twenty years of anecdotal
evidence of nesting,
roosting and foraging at
specific bird sites.
Digitised off a hand drawn
map from Suzanne Mather
from Birds Australia.
Data sets describing the
distribution of activities on
RI, specifically snorkelling,
diving, surfing,
crayfishing, boat-based
fishing
Data describing the
distribution of recreational
fishing pressure around RI
Data set describing the
mooring zones and jetties
of RI

DEP (1996)

Harvey (2009)

RIA (2011,
unpublished data)
RIA (2011,
unpublished data)
RIA (2011,
unpublished data)

RIA (2011,
unpublished data)

Smallwood and
Beckley (2008)
RIA (2011,
unpublished data)

Smallwood et al.
(2006)
RIA (2011,
unpublished data)

2.2.1.1 Quickbird multispectral data
Quickbird multispectral data were collected on 17 July 2005 by a satellite-borne
multispectral sensor in four bands, three within the visible spectrum (400-700 nm)
(Figure 2). The image had a ground resolution of 2.4 m. Data were corrected for
atmospheric interference, sunglitter and water interference by Dr Thomas Heege
(EOMAP, Munich, Germany), georeferenced, and clipped to the study site (Heege and
Fischer 2000, 2004).

Figure 2

The Quickbird four-band composite image of Rottnest Island (17 July
2005), with the existing marine reserve boundary indicated in white.

A land mask was developed using the near infra-red band of the Quickbird imagery. The
auto-classification tool Cluster was used in IDRSI Taiga (Eastman 2009) to develop a
boolean image (mask) for land and water, which was further modified to remove lakes.
The blue, green and red bands were intersected with the mask, so that only the marine
environment remained.
Bare and vegetated areas of the masked image were initially classified using the
supervised maximum-likelihood classifier with equal prior probabilities in IDRISI Taiga
(Eastman 2009). Bare areas were masked, and training sites developed for macro-algae,
intertidal regions and seagrass habitats (Figure 2, Appendix A). Vegetated areas were
classified

using

the

supervised

maximum-likelihood

classifier

in

IDRISI.

After

classification, the habitat map was clipped using a hand digitized mask to remove
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misclassified pixels, which showed ‘banding’ from water interference. These usually
occurred in deeper areas, along the northern perimeter of the marine reserve.
Validation of the Quickbird habitat map was conducted using groundtruthing data
collected by Harvey (2009). These data were collected using a bathyscope at 453 points
around Rottnest. For validation, polygons were created for each groundtruthing point,
with a radius equal to the estimated positional error (Figure 3A). A point was created in
each pixel of the Quickbird habitat map occurring within the reference polygon (Figure
3B). These were used to extract the mapped and reference habitat type for an accuracy
assessment (Figure 3C, D). Habitats identified in the groundtruthing dataset were
matched to the four mapped habitat types (sand, seagrass, macroalgae and intertidal
platforms). The intersect tool in ArcGIS 10 was used to determine the classification of
the pixels to which the groundtruthing data points corresponded.
An error matrix was produced for the Quickbird habitat map. The error matrix provides
three types of accuracy, the overall, users’, and producers’ accuracy (Congalton and
Green 1999). Overall accuracy is a measure of how accurate the habitat map is, and is
calculated by the proportion of reference classes that are the same as the mapped
classes. Users’ accuracy is a measurement of commission. It represents how well the
map represents what is really on the ground, or the reliability of the map (Congalton and
Green 1999). Producers’ accuracy is a measure of omission. It measures the number of
units of the reference data omitted from the classification, or how accurately a specific
area can be mapped (Congalton and Green 1999).
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Figure 3

Illustrated example of the methods used to validate the Quickbird habitat
map, using groundtruthing data obtained from Harvey (2009). Each grid
cell represents a pixel of the classified habitat map for the Rottnest Island
marine reserve.

2.2.1.2 Geoscan multispectral data
The Geoscan multispectral data were collected and classified as part of the Southern
Metropolitan Coastal Waters Study (DEP 1996). Data were collected for the coastal area
from Mandurah to Yanchep in Western Australia by an airborne, Geoscan three-band
multispectral scanner in February 1993, with a ground resolution of 5 m (DEP 1996).
Habitats were classified using an auto-classification technique, to an overall accuracy of
>70% (DEP 1996). For the purposes of this study the Geoscan derived habitat map was
clipped using ArcGis 10 to the marine reserve boundary. The habitats mapped using the
Geoscan multispectral scanner within the marine reserve boundary were: inshore coarse
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sand, offshore coarse sand, intertidal reef platforms, macroalgae, reef awash, and
seagrass.
2.2.1.3 HyMap hyperspectral data
The hyperspectral data were collected by HyVista Corporation on 26 April 2004 using a
airborne HyMap sensor at an altitude of 1600 m. This resulted in a ground resolution of
3.5 m, with 125 bands recorded from 450–2480 nm (Harvey 2009). The data were
clipped at 15 m depth, and to the marine reserve boundary (Harvey 2009).
Marine habitats were classified using a spectral library developed by Harvey (2009).
Initially the study site was classified into bare and vegetated substrate, so that the bare
areas could be masked. The subtidal vegetation classification was further refined using
the spectral library. Habitat classification was validated using a bathyscope at 643
locations within the study area (Harvey 2009). Six habitat classes (bare substrate,
seagrass, canopy algae, turfing algae, coral, and intertidal platforms) were mapped with
an overall accuracy of 84%.

2.2.2 Species distribution data
Colony location data at Rottnest Island were obtained for the New Zealand fur seal
(Arctocephalus forsteri) and Australian sealion (Neophoca cinerea) (Table 3). Established
sealion and fur seal colonies exist at Dyer Island, Cape Vlamingh and Cathedral Rocks
(Figure 1) (Gales et al. 1992, DEP 1996, RIA 2007). Locations were hand digitised using
ArcGIS 10.
Osprey (Pandion haliaetus) nest site locations were obtained from the RIA (Table 3).
Nest sites were generally located slightly inland from the coastline, so were buffered to
50 m in ArcGIS 10. Buffer zones were clipped to the marine reserve boundary, to
determine the areas of the marine reserve that overlapped with the buffer zones.
Two other types of marine bird distribution data were obtained from the RIA (Table 3);
significant bird locations and anecdotal bird locations. Significant bird locations consisted
of significant nesting, roosting and foraging sites for shorebirds. Anecdotal bird sites
consisted of anecdotal evidence of nesting, roosting and foraging at specific sites . Both
data sets were clipped to the marine reserve using ArcGIS 10, to determine the area of
the marine reserve used by the birds.
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2.2.3 Development of a cost layer
A cost layer must be developed for a complete MARXAN analysis to reduce the socioeconomic impact of a MPA (Ball and Possingham 2000). Within MARXAN, costs are
treated in a linear fashion. For example, if two planning units exist with the same
biodiversity features, but one has double the cost of the other, then the planning unit
with double the cost will be half as desirable to include in a MPA

(Possingham et al.

2009). As a result, all cost layers must be combined into a single scale that reflects the
socio-economic costs for each planning unit.
Data on recreational use of the marine reserve from Smallwood et al. (2006), Smallwood
and Beckley (2008) and the RIA were used to derive a cost layer (Table 3). The
viewsheds (geographical areas visible from selected vantage points around Rottnest
Island) used during the observational survey by Smallwood and Beckley (2008) were
digitised in ArcGIS 10, and the proportion of days that boat-based divers, crayfishers,
fishers and surfers, and shore-based surfers were present in each viewshed were
calculated. The data for each activity was normalised, so that the values for each
viewshed reflected the percentage of the ‘whole’ effort that each activity contributed.
Similarly, the shore angling sites from Smallwood et al. (2006) were digitised using
ArcGIS 10. The number of anglers observed at each site over the study period was
normalised, so the values reflected the percentage of the ‘whole’ fishing effort
contributed by each site. Cost data were intersected with the planning unit shapefile
(described in section 2.3), and exported so that a spreadsheet was created with each
planning unit ID in its own row, and each activity occupying a column.
Snorkelling areas, diving sites, surfing areas and mooring locations were obtained from
the RIA (Appendix B). In addition, the outlines of jetties on Rottnest Island were
digitized, to reflect their high use by visitors. The mooring point file was buffered to
30 m in ArcGIS 10, and the union tool used to obtain several large mooring zones. These
were used to represent the area affected by moored boats and their affiliated activities.
The RIA data were intersected with the planning unit shapefile in ArcGIS 10, and each
planning unit which had an activity was given a value of 1, to form a presence/absence
matrix for each activity type.
The two databases were merged into one cost spreadsheet. Activities were ranked from
highest to lowest socio-economic cost, and each column, representing an activity, was
weighted by multiplying the activity values so a cost range from 0-100 was created
(Table 4). A value of 100 represented the highest cost, and was assigned to the mooring
zones, jetties and high-use recreational fishing sites (Table 4). A planning unit with a
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value of 0 represented no cost. The sum of the activities was calculated, and normalised,
to give a final cost for each planning unit.
Table 4

Cost layers used to represent the various social and economic activities
occurring within the Rottnest Island marine reserve. Cost values are unitless, and range from 0 (no cost) to 100.

Cost
Rank

Activity

Data
source

Values

Justification for rank

1

Mooring
zones

RIA

100

Mooring zones represent areas of the
highest activity from recreational
boaters

2

Jetties

RIA

100

Jetties represent areas of high use by
boaters and shore based tourists

3

Shore-based
recreational
fishing

Smallwood
et al. (2006)

10-100

Shore-based recreational fishing is the
dominant extractive activity on
Rottnest Island

4

Boat-based
recreational
fishing

Smallwood
and Beckley
(2008)

2-32

Recreational fishing is the dominant
extractive activity in the waters around
Rottnest Island

5

Boat-based
crayfishing

Smallwood
and Beckley
(2008)

2-32

6

SCUBA diving

RIA

2

Smallwood
and Beckley
(2008)

0.1-2.0

Recreational fishing is the dominant
extractive activity in the waters around
Rottnest Island, however crayfishing is
seasonal.(November-June)
The RIA dataset indicated popular
SCUBA diver sites, where as the
Smallwood and Beckley (2008) data
set indicated effort (number of days
divers were present) within viewsheds.

7

Snorkelling

RIA

1.5

Snorkelling is a common and popular
non-extractive activity; specific snorkel
trails at Parker Point and Salmon Bay

8

Surfing

RIA

1

Surfing is a common recreational
activity at Rottnest Island, particularly
at Strickland Bay, on the SW coastline

Smallwood
and Beckley
(2008)

0.020.48
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2.3 MARXAN analysis
MARXAN v.2.11 was used for this study (Ball et al. 2009). Zonae Cognito (ZC) v.1.22
software was used to modify and view MARXAN input files and results (Watts et al.
2010). MARXAN and ZC were downloaded from the University of Queensland MARXAN
website (Ball et al. 2009).
A planning unit polygon shapefile was created for the marine reserve using the fishnet
tool in ArcGIS 10. Nhancale and Smith (2011) determined that smaller planning units
were more area and cost efficient at representing biodiversity, however the more
planning units, the longer MARXAN will take to run. Planning unit size was limited to 50
x 50 m, determined by measuring the distance across the mouth of the smallest bay on
Rottnest (Fish Hook Bay). The three habitat files were intersected to determine the
extent of the marine reserve covered by all three maps. This extent was intersected with
the planning unit shapefile in ArcGIS 10 to form the final planning unit shapefile. A total
of 10 210 planning units were created.
Four input files are required for a MARXAN analysis (Table 5, Figure 4). These files
contain the information with which MARXAN solves the conservation problem (Game and
Grantham 2008). Additionally, a boundary length file was included to limit the
fragmentation of the reserve design (Ball and Possingham 2000).
The input.dat file was supplied with the MARXAN program files, and was altered using
the ZC GIS interface during analysis (Watts et al. 2010). Cost data were intersected with
the planning unit shapefile to determine an individual cost for each planning unit,
forming the pu.dat file (Table 5). A Joint Nature Conservation Council ArcGIS 9 extension
was used to create a bound.dat file from the planning unit shapefile. These were saved
and used for all analysis.
Separate conservation feature files and planning unit versus conservation feature
(PUVSPR) files were created for each habitat map. These were created by calculating the
area of each habitat and species distribution type in each planning unit, and saving the
output to an excel spreadsheet. The PUVSPR Excel spreadsheet was converted into the
long format required by MARXAN using convertmtx.exe, a command line program
supplied with the MARXAN program files (Game and Grantham 2008, Ball et al. 2009). A
representation of the flow from raw data files to MARXAN input files is given in
Appendix C.
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Table 5

Default names and descriptions for input files used in the MARXAN
analysis for this project. Adapted from Game and Grantham (2008).

Input File
Input parameter file

Default
Name
input.dat

Conservation feature
file

spec.dat

Planning unit file

pu.dat

Planning unit versus
conservation feature
file
Boundary length file

puvspr2.dat

Block definition file

blockdef.dat

Planning
units

bound.dat

Habitat
data

Description
Used to set the values with which
MARXAN operates
Contains information on each of
the conservation features being
considered, including the
proportion or each feature to be
protected
Contains information on each
planning unit, including id, cost,
and status
Contains information on the
amount of each conservation
feature in each planning unit
Contains information on the
length of the boundary shared by
two planning units
Similar to the spec.dat file, can
be used to set a series of default
variables for each conservation
feature

Biodiversity
features

Cost
layer

Required/
Used
Yes / Yes
Yes / Yes

Yes / Yes
Yes / Yes
No / Yes
No / No

Inputs

MARXAN

Best
solution
output

Figure 4

Summed
solution
output

Variables
output

Diagrammatic example of the MARXAN process indicating the input data
required, and output data given by MARXAN.
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Outputs

2.4 Implementation of MARXAN
The ZC GIS interface allowed for modification of the boundary length modifier (BLM),
number of iterations, and the conservation feature targets (Watts et al. 2010). The BLM
is a unit-less measurement of the ‘compactness’ of a reserve network. It is used to
determine the emphasis that should be placed on minimising the overall boundary length
of a reserve network (Game and Grantham 2008). A high BLM means that conservation
targets will be met using a series of fewer, larger reserves,

potentially minimising

management costs (Ban et al. 2011). The method for setting the BLM described by
Stewart and Possingham (2005) was replicated, and gave a value of 100.
The number of repetitions determines the number of times MARXAN re-calculates the
optimal reserve system. The number of iterations determines how close MARXAN gets to
the optimal reserve solution (Game and Grantham 2008). It has a default value of 1
million, and can be increased for larger projects. Conservation planners must choose a
trade-off between efficiency and execution time when setting these values (Game and
Grantham 2008). For the purposes of this study, 10 000 repetitions and 2 million
iterations were used. All planning units were assigned a status of ‘0’, meaning that they
were neither guaranteed to be included or excluded from the final reserve design (Game
and Grantham 2008).
A conservation target of 30% for each habitat type was used, reflecting the target set by
the World Parks Congress (Wood 2011) (Table 6). A target of 50% was used for
anecdotal bird sites, and 70% for osprey nesting sites, pinniped resting sites, and
significant bird locations, as they occur at only a few locations around Rottnest (Table 6).
MARXAN was run separately on all three habitat maps, using the same input parameters.
This meant that any variation in the output files could only be attributed to the difference
in thematic and spatial resolution of the habitat maps.
As well as determining the planning units required to make an efficient MPA network,
MARXAN also provides a number of other outputs. These outputs can be used to
determine how effectively a solution meets its conservation targets, while minimising
costs (Game and Grantham 2008). For each repetition, MARXAN computes the objective
function score, cost, boundary length, and number of planning units required to
complete the MPA network (Ball and Possingham 2000).
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Table 6

Conservation feature targets used for the MARXAN analysis.

Conservation feature
Habitat

Species distribution

Target
Bare areas

30%

Intertidal platforms

30%

Seagrass

30%

Macro-algae

30%

Seal and sealion colonies

70%

Osprey nesting sites

70%

Significant bird locations

70%

Anecdotal bird locations

50%

The cost and number of planning units required for a solution are useful for determining
the impact of a MPA. The lower the cost and number of planning units, the lower the
socio-economic and spatial impact. The objective function score provides a way to
compare different reserve designs (Ball and Possingham 2000). It is a mathematical
function that combines the total cost of the reserve system, and boundary length of the
MPA network with the penalties for any ecological targets that are not met (Ball and
Possingham 2000). A more fragmented reserve that does not meet its ecological targets
and has a high cost will have a high objective function score. The lower the objective
function score, the more efficient a MPA network (Game and Grantham 2008). The
objective function score can be calculated by:
𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑆𝑐𝑜𝑟𝑒
=

𝐶𝑜𝑠𝑡 + 𝐵𝐿𝑀
𝑃𝑈

𝑆𝑃𝐹 𝑥 𝑃𝑒𝑛𝑎𝑙𝑡𝑦 + 𝐶𝑜𝑠𝑡 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑃𝑒𝑛𝑎𝑙𝑡𝑦

𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦 +
𝑃𝑈

𝑃𝑈

where :
PU = Planning units
Cost = Total cost of the reserve system
BLM = Boundary length modifier
Boundary = Boundary length in metres
SPF = Species penalty factor, used if the conservation target for a species is not met
Cost Threshold Penalty = Penalty for exceeding a preset cost threshold (optional)
MARXAN calculates the selection frequency of each planning unit across all repetitions,
known as the summed solution output (Game and Grantham 2008). The summed
solution also provides an indication of how important each planning unit is for the
creation of an efficient MPA. This is useful for determining the number of core planning
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units within the study site. Core planning units contain biodiversity features of high
importance, and generally must be included in a MPA network (Game and Grantham
2008).
The results of the best solution for each run (n=3 per habitat map) were analysed to
determine how well each MPA met the conservation targets. Target achievement was
calculated as a percentage (i.e. 100% = minimum achievement, 200%= twice as much
protected as is necessary). The mean target achievement for each biodiversity feature
was plotted for analysis.
The target achievement, total planning units, and cost of the existing RIA marine
sanctuaries were calculated using ArcGIS 10. These were compared with the outputs
given by MARXAN for MPAs designed using all three habitat maps to assess the efficiency
of the existing sanctuaries at achieving the conservation targets detailed in Table 6.

2.5 Iterative improvement of existing sanctuaries
As a further conservation planning exercise, the existing RIA sanctuary zones were
examined using MARXAN. The Quickbird habitat map was used as a biodiversity
surrogate for most of the marine reserve. The Quickbird habitat map was used as
archival imagery exists for much of the Western Australian coastline, making it a readily
available resource for future conservation planning exercises. Bathymetry data were
used as a biodiversity surrogate for areas of the marine reserve not mapped by the
Quickbird sensor, in order to provide a continuous layer for biodiversity surrogacy.
(Figure 5)
Bathymetry data obtained from Harvey (2009) were used to derive slope, aspect and
depth ranges. Slope and aspect were calculated in IDRISI Taiga using the surface tool.
Slope and depth were re-classified into five and ten classes respectively, using natural
breaks (Jenks) in ArcGIS 10. Aspect was classified into 9 classes. Although slope and
aspect have previously been calculated by Harvey (2009), these data were not used for
this study.
MARXAN analysis was run on the existing sanctuary zones with three different
conservation targets for habitats and bathymetry, 10%, 20% and 30%. Species
distribution and cost data remained the same. Conservation targets for species
distribution data remained the same as described in Table 6. The same input.dat file was
used, so the BLM, number of runs and iterations remained unchanged.
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Figure 5

Extent of habitat and bathymetry data used as a biodiversity surrogate.
Bathymetry data were used as a biodiversity surrogate for areas not
covered by Quickbird habiat data.

2.6 Univariate statistical analysis
The statistical program SPSS (v.19.0) was used for all statistical analysis. The mean,
median and standard error were calculated for each variable. ANOVA was used to test
for any significant difference in the MARXAN outputs from the three habitat types. Core
planning unit scores were log-transformed, to ensure a normal distribution around the
mean. The large number of repetitions (n=10, 000) for all other tests meant that the
data were normally distributed around the mean. An alpha value of 0.05 was used for all
statistical tests.
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Table 7

Overview of variables used for ANOVA tests between the outputs of the

three habitat maps.
Variable

n

Transformations

Assumptions (Y/N)

7, 000

Log-transformed

Normal distribution
the mean

10, 000

N

N

function

10, 000

N

N

Number of planning
units used

10, 000

N

N

Target Achievement

10, 000

N

N

Core planning
scores

unit

Cost
Objective
score

around

2.6.1 Comparing habitat maps
The summed solution, core planning units, objective function score, number of planning
units and cost of the reserve were used to compare the outputs obtained using the three
habitat maps. Core planning units were defined as planning units that were selected in
>70% of the repetitions, and scores were log-transformed to ensure a normal
distribution around the mean.
Mean cost, boundary length, objective function score and number of planning units for
the lowest scoring 30% of repetitions (n=10,000) were used to compare the three
habitat maps. This allowed the analysis to focus upon the best runs of MARXAN, and
removed outliers. Target achievement for the three habitat maps was assessed to ensure
that MARXAN was designing effective MPAs. Target achievement, cost, and number of
planning units of the sanctuary zones and the outputs of the three habitat maps were
used to test the efficiency of the RIA marine sanctuaries at protecting biodiversity.

2.6.2 Iterative improvement of existing sanctuaries
Target achievement and summed solution were used to define extensions to the existing
sanctuaries. Mean cost, percent coverage of the marine reserve, objective function score
and total number of planning units for the lowest scoring 30% of runs were used to
analyse the potential impact and efficiency of these extensions.
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3Results
3.1 Quickbird habitat map classification
Classification using the Quickbird multispectral data identified four distinct habitat types
(Figure 6). Macro-algae was the dominant habitat, forming large meadows in the
western end of the marine reserve. Seagrass meadows were identified on the northern,
eastern and southern parts of the coastline, while bare areas occurred throughout the
mapped area (Figure 6). Intertidal platforms were most prominent along the western
coastline of Rottnest Island. Misclassified and erroneous pixels generally occurred at
water depths ≥15m. As a result, the final cropped habitat map covered 77% of the
marine reserve.
A total of 452 ground validation data points from Harvey (2009) were used to validate
the map. These data covered all habitats except intertidal platforms, and generally
concentrated around the northern and eastern quadrants of the study area (Figure 7).
An overall accuracy of 74.4% was achieved for the habitat map. The bare/sand habitat
classification had the highest producers’ accuracy of 84.8%. Seagrass had the highest
users’ accuracy of 78.2% (Table 8).
Table 8

Error matrix for the Quickbird habitat map of Rottnest Island marine
reserve. Numbers represent the number of points assigned to each
combination of habitat class. No reference points were recorded in the
‘intertidal’ habitat classification.

Reference class
Mapped class

Sand

Seagrass

Macro-algae

Bare

17456

3762

2772

Users’ accuracy
(%)
72.76

Seagrass

1562

15081

2650

78.17

Macro-algae

1551

3749

14645

73.43

Intertidal

5

172

3

Producers’
accuracy (%)

84.84

66.25

72.97
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Overall accuracy:
74.41%

Figure 6
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Four-class habitat map derived from Quickbird multispectral imagery for the Rottnest Island marine reserve.

Figure 7

Validation data used to ground truth the habitat map created using the
Quickbird data. Grey area indicates the extent of the habitat map. Data
points have been enlarged for illustrative purposes. Data source: Harvey
(2009).

3.1.1 Habitat map comparison
Of the three habitat maps compared for this study (Figure 6, Figure 8, Figure 9) the
Geoscan habitat map identified the most abiotic habitat types; inshore and offshore
coarse sand, intertidal platforms and reef awash. The Quickbird and HyMap habitat maps
only identified two abiotic habitat types, bare substrate and intertidal platforms (Figure
6, Figure 8). The HyMap habitat map had the most biotic habitat classes (n=4), and the
Quickbird the least (n=2).
The HyMap habitat map had the highest overall accuracy of 84%, and the Geoscan
habitat map the lowest of 70% (Table 9). Thematic resolution ranged between four and
six habitat class, while spatial resolution varied from 2.4–5 m pixels.

Of the three

habitat maps, the Quickbird covered the largest proportion of the marine reserve
(77.3%), and the Geoscan habitat map the least (72.6%) (Table 9).
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Figure 8

Rottnest Island marine reserve habitat map derived from HyMap
hyperspectral data (Harvey 2009).

Figure 9

Rottnest Island marine reserve habitat map derived from Geoscan
multispectral imagery (DEP 1996).
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Table 9

Comparison of the attributes of the three habitat maps of Rottnest Island
marine reserve used for this study.

Habitat
map

Spatial
resolution

Thematic
resolution

Overall
accuracy
(%)

Coverage of the RI
marine reserve (%)

Quickbird

2.4m

4 habitat classes

74.1

77.3

HyMap

3.5m

6 habitat classes

84

72.6

Geoscan

5.0m

6 habitat classes

70

69.5

Macro-algae was the dominant habitat type in all three maps of the marine reserve,
comprising 43-52% of the mapped area (Figure 10). This is evident in the large patches
of macro-algae at the western end of the marine reserve in all three habitat maps
(Figure 6, Figure 8, Figure 9). Bare substrate, sand and seagrass formed the other major
habitat classes (Figure 10). Intertidal platforms comprised < 4% of the total habitat
area, and the coral habitat type was only detected by the HyMap hyperspectral sensor
(Figure 10). The HyMap habitat map differentiated between turfing and canopy algae
(Sargassum and Ecklonia), with turfing algae the dominant type (44%, Figure 10). None
of the sensors enabled seagrass species to be differentiated, although Harvey (2009) did
manage to distinguish Amphibolous using spectral separation techniques.
The level of detail of the habitats mapped varied with spatial resolution. The HyMap and
Quickbird, with smaller pixels, identified small patches of habitats, while the Geoscan
provided more continuous, less fragmented habitats. This is particularly evident in the
detection of mooring scars in Thompson Bay by the HyMap and Quickbird maps, but not
the Geoscan map (Figure 11).

33

QuickBird

Percentage Composition

60
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0
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HyMap

60
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Macro-algae

50
40
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10
0

Bare Areas

Seagrass

Turfing Algae

Coral

Intertidal
Platforms

Reef Awash

Intertidal Reef
Platforms

Geoscan

60
Percentage Composition

Canopy Algae

50
40
30
20

10
0

Inshore Coarse
Sand

Offshore
Coarse Sand

Seagrass

Macro-algae
(Subtidal Reef)

Habitat Type
Figure 10

Percentage composition of each habitat type in the three habitat maps of
the Rottnest Island marine reserve used for this study.
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Figure 11

Enlarged section of Thompson Bay, at the eastern end of Rottnest Island,
showing mooring scars detected by the Quickbird (top), HyMap (middle),
but not the Geoscan (bottom) habitat maps.
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3.1.2 Species distribution data
Significant bird locations existed primarily at the western end of Rottnest, and within
Salmon Bay, on the south coast (Figure 12). There were three pinniped resting sites at
Cape Vlamingh, Cathedral Rocks and Dyer Island (Figure 12). Osprey nest sites were
plotted at 14 locations around the coastline (Figure 12).

Figure 12

Bird and pinniped distribution data for the Rottnest Island marine reserve.

3.1.3 Cost layer development
Background cost values were primarily defined by the viewsheds used in Smallwood and
Beckley (2008). The snorkelling and surfing zones provided by the RIA showed with a
slightly higher cost than the background value (Figure 13). Additionally, shore-based
surfing, recorded by Smallwood and Beckley (2008), resulted in increased costs along
the coastline in Strickland Bay. Areas adjacent to the shore-based fishing sites described
by Smallwood et al. (2006) had high cost costs, similar to the mooring zones. Areas of
the highest cost (1) were located primarily within mooring zones and around jetties,
along the northern coastline of Rottnest, and at Parker Point (Figure 13). The lowest
socio-economic costs occurred in areas removed from mooring zones and fishing
locations, particularly in the western quadrant of the marine reserve (Figure 13). Higher
costs associated with increased boat-based fishing (trolling) were located within the
Cape Vlamingh viewshed described by Smallwood and Beckley (2008) (Figure 13).
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Figure 13

Normalised costs for the Rottnest Island marine reserve. Costs are an
amalgamation of social and economic cost, and scaled from 0 to 1. Insets
show localised areas of higher cost as a result of shore based fishing,
jetties, and snorkelling areas.

3.2 MARXAN analysis
3.2.1 Summed solution
The summed solution output for the three habitat maps exhibited similar spatial outputs
(Figure 14, Figure 15, Figure 16). Four main areas of high selection frequency were
identified with all three habitat maps, namely offshore from Thompson Bay, between
Parker Point and Dyer Island, and at Salmon Bay, and Rocky Bay. These were also
reflected in the best solution outputs for the three habitat maps (Appendix E). The most
noticeable change in the summed solution outputs between the three habitat maps
occurred at Cathedral Rocks, and Radar Reef, coinciding with pinniped and bird
distribution locations, and at Parker Point (Figure 16).
Selection frequency of planning units ranged from 0 - 99% (Figure 14, Figure 15, Figure
16, Figure 17). No planning units were irreplaceable (i.e. selected 100% of the time).
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The Quickbird habitat map had the lowest selection frequency, with only three planning
units being selected in >95% of repetitions, and the majority of core planning units
being selected in 70-80% of repetitions (Figure 17). The HyMap and Geoscan habitat
maps had similar distributions of core planning units, with the HyMap map having a
slightly higher number of planning units being selected in 99% of repetitions (n=8,
Figure 17).

Figure 14

Summed solutions of planning units for the Quickbird habitat map. Values
range from 0-95%. Insets indicate areas of most noticeable difference in
the summed solution values for the three habitat maps.
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Figure 15

Summed solutions of planning units for the HyMap habitat map. Values
range from 0-99%. Insets indicate areas of most noticeable difference in
the summed solution values for the three habitat maps.

Figure 16

Summed solutions of planning units for the Geoscan habitat map. Values
range from 0-99%. Insets indicate areas of most noticeable difference in
the summed solution values for the three habitat maps.

39

Selection frequency scores for core planning units showed a significant difference
between the three habitat maps (F1,2=7.36, p=0.015, Figure 17). This appears to be a
result of reduced summed solution scores for the 90, 95 and 99% ranges in the
Quickbird habitat map compared to the HyMap and Geoscan habitat maps (F2,1=52.1,
p=0.018). The log transformed summed solution scores for the HyMap and Geoscan
habitat map were not significantly different (F4,1=0.029, p=0.88).

600

Number of planning units

500

Quickbird

400

HyMap

Geoscan

300

200

100

0

70
Figure 17

80

90
Selection frequency (%)

95

99

Mean number of core planning units (± standard error) in each significant
selection frequency range for the three compared habitat maps.

3.2.2 Output variables
Mean cost values indicated that the Quickbird habitat map produced cheaper MPA
designs than the other two habitat maps. Values ranged from 0.22 - 0.27 (Figure 18).
The Quickbird habitat map produced a significantly lower mean cost than the HyMap or
Geoscan habitat map (F2,29994=9105, p<0.01, Figure 18). The Geoscan and HyMap costs
were not significantly different (F1,19996=0.00, p>0.05, Figure 18). In addition to
providing cheaper MPA designs, the Quickbird habitat map also had the smallest MPAs.
The mean number of planning units required for the Quickbird habitat map was
significantly lower than the mean number of planning units required from the HyMap or
Geoscan habitat maps (F2,29994=7656, p<0.01, Figure 19). The MPAs designed with the
HyMap habitat map required significantly more planning units than the Geoscan habitat
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map, also providing the most costly designs (F2,19996=254.6, p<0.01, Figure 18, Figure
19).

Reserve cost (normalised value)

0.28
0.27
0.26
0.25
0.24
0.23
0.22
0.21
0.2

Quickbird
Figure 18

HyMap
Habitat map

Geoscan

Mean reserve cost (± standard error) for MPAs designed by the three
habitat maps, based upon the lowest scoring 30% of runs.

Number of planning units used
(thousands)

2.96
2.94
2.92
2.9
2.88
2.86
2.84
2.82
2.8

Quickbird
Figure 19

HyMap
Habitat Map

Geoscan

Mean number of planning units (± standard error) used for the MPAs
designed by the three habitat maps, based upon the lowest scoring 30%
of runs.

The Geoscan habitat map produced the most efficient MPA designs, with a significantly
lower mean objective function score than the HyMap or Quickbird habitat maps
(F2,29994=5136.9, p<0.01, Figure 20). The HyMap and Quickbird habitat maps had similar
objective function scores, although the HyMap habitat map produced the highest,
41

indicating the least efficient reserve design (Figure 20). The Geoscan MPA designs also
had a significantly lower mean boundary length compared to the HyMap and Quickbird
reserve designs (F2,29994=5019.7, p<0.01, Figure 21).

This indicates that the more

efficient designs of the Geoscan habitat map were also more compact than the Quickbird
or HyMap designs. The reduced boundary length of the Geoscan MPA designs is most
likely the primary reason for the lower objective function score, as the boundary length
forms a major component of the objective function score equation (see page 24). The
longest mean boundary length was from the HyMap MPA network (34 544 m) (Figure
21).

Objective function score (millions)

3.5
3.45
3.4
3.35
3.3
3.25
3.2
3.15
3.1
3.05

Quickbird
Figure 20

HyMap
Habitat Map

Geoscan

Mean objective function score values (± standard error) for MPAs
designed using the three habitat maps, based upon the lowest scoring
30% of runs.
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Boundary length (thousands of
meters)

35
34.5
34
33.5
33
32.5
32
31.5

Quickbird

HyMap

Geoscan

Habitat map
Figure 21

Mean boundary length (± standard error) for MPAs designed using the
three habitat maps, based upon the lowest scoring 30% of runs.

3.3 Target analysis
A conservation target of 30% for each habitat type was used, while targets for species
distribution data differed (Table 6). The MPAs designed by all three habitat maps
the

conservation

targets

for

the

habitat

types

(Figure

22,

1000

100

10

Osprey nest sites

Anecdotal bird
locations

Significant bird
locations

Seal and sealion resting
sites

Feature

Intertidal platforms

Coral

Turfing algae

Canopy algae

Seagrass

1
Bare areas

Percentage of target reserved

achieved

Figure 23, Figure 24). None of the designs achieved higher than 99.7% of the target for
seal and sea lion resting sites. Additionally, Geoscan habitat map designs did not reach
the target for Osprey nesting sites. Anecdotal bird sites had the highest levels of
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achievement, with a mean target achievement of 660%. MPAs designed from the
Quickbird habitat map had the highest mean percentage achievement, of 172% (Figure
22). MPAs designed from the Geoscan habitat map had the lowest mean percentage
achievement of 168% (Figure 24). There was no significant difference between the
overall mean target achievements of MPAs designed by the three habitat maps
(F2,6=0.46, p=0.95).
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Figure 22
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Intertidal platforms

Bare areas

1

Mean target achievement (± standard error) for the three best reserve
solutions using the Quickbird habitat map. Red line indicates the target
has been reached.
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Mean target achievement (± standard error) for the three best reserve
solutions using the Geoscan habitat map. Red line indicates the target has
been reached.

3.4 Efficiency of the existing sanctuaries
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The existing marine sanctuaries did not achieve the conservation targets set in this
study. Only intertidal regions were adequately represented (Figure 25). Only 20% of the
marine reserve beyond the extent of the Quickbird habitat map area was represented.
For the species distribution data, the existing sanctuary zones protect significant bird
sites the least, and pinniped sites the most (Figure 25).
The existing sanctuary zones had a much lower cost and total number of planning units
than any MPA designed by the three habitat maps (Table 10), however existing
sanctuary zones only reached 11% of the required targets. This failure to achieve targets
means that the existing sanctuary zones are inefficient at representing biodiversity. An
objective function score could not be calculated for the existing sanctuary zones, as
MARXAN was unable to run with all planning units either locked in or out of the final

1000
100
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Habitat

Anecdotal bird sites

Significant bird sites

Osprey nesting sites

Seal and sealion resting sites

Outside mapped area

Seagrass

Macro-algae

Intertidal

1
Bare

Percentage of target reserved

design.

Species Distribution

Biodiversity feature
Figure 25

Target achievement for the existing marine sanctuaries. The Quickbird
habitat map was used as a biodiversity surrogate, with habitats outside
this area representing deeper, unmapped areas of the marine reserve. Red
line indicates the target required.
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Table 10

A comparison of existing sanctuary zones compared to MPAs designed
using the three habitat maps.

Variables

RIA
sanctuaries
0.16

Quickbird
designs
0.22

HyMap
designs
0.27

Geoscan
designs
0.27

Mean number
of planning
units required

2951

2853.5

2934.6

2920.9

% of targets
reached

11.1

87.5

90

80

Mean cost

3.5 Bathymetry data
Bathymetry data were used as a biodiversity surrogate for areas of the marine reserve
occurring outside of the Quickbird habitat map. Using the two surrogate data types
ensured that a continuous layer was created for the entire marine reserve.
Depth gradients were fairly uniform around the marine reserve, sloping gently to depths
>20m (Figure 26). The deepest areas of the reserve were in the south and western
quadrants, and shallowest on the eastern side, towards the mainland (Figure 26). There
was a small shallow patch in the northernmost part of the marine reserve, known as Roe
Reef. This was also identified in the aspect and slope.
Aspect was reclassified into NNE, ENE, ESE, SSE, SSW, WSW, WNW, NNW and flat
categories. Aspects varied around the perimeter of the marine reserve, while large areas
of gently sloping and flat (0-1.5°) surfaces occurred primarily in the northeast (Figure
27). Slope values increased toward the western end of the marine reserve, where there
were deeper holes and drop-offs. Slope complexity also increased toward the western
end of the reserve, reflecting the sub-tidal reefs found in the area (Figure 28).
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Figure 26

Reclassified depths used as a biodiversity surrogate for areas of the
Rottnest Island marine reserve beyond the extent of the Quickbird habitat
map.

Figure 27

Aspect used as a biodiversity surrogate for areas of the Rottnest Island
marine reserve beyond the extent of the Quickbird habitat map.

48

Figure 28

Slope used as a biodiversity surrogate for areas of the Rottnest Island
marine reserve beyond the extent of the Quickbird habitat map.

3.6 Iterative improvement of existing sanctuaries
MARXAN analysis was run using three different targets for the habitat and bathymetry
data, locking the existing sanctuaries into the final design. There was little difference in
the outputs from the three different targets (Table 11). The 10% target designs required
the least additional planning units; however had a high objective function score. This
was due to the increased boundary length associated with many smaller sanctuary
zones. Mean cost varied little between the three targets, although the 30% target had
the highest, reflecting the increase in planning units required. Percent coverage of the
marine reserve ranged from 37-41%, indicating that the area protected was not
proportionate to the biodiversity target (Table 11).
Summed solution outputs did not differ remarkably between the three targets (Figure
29, Figure 30, Figure 31). High selection frequency areas occurred around the Kingston
Reef sanctuary zone, between Green Island and Parker Point sanctuary zones, and at the
south-eastern corner of the marine reserve. Selection frequencies for the 20 and 30%
target (Figure 30, Figure 31) were slightly higher than the 10% target along the
northern part of the marine reserve (Figure 29).
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Target achievement varied between the three outputs. All three sets of designs achieved
minimal targets for the species distribution features. Mean target achievement was
highest for the 10% target design (305%) and lowest for the 30% target design (143%,
Figure 32). The overachievement of habitats and bathymetry, and low achievement of
species distribution in the 10% target design indicates that MARXAN needs to reserve
the same areas to achieve the targets for the species distribution data.
Table 11

Comparison of the lowest scoring 30% of runs for 10%, 20% and 30%
target sanctuary designs, with the existing sanctuaries locked in to the
final design.

Variable

10%

20%

30%

2940

2962

3664

37

37

41

Mean cost

0.31

0.32

0.36

Mean objective
function score

6269915

5829572

6151429

Mean number of
additional planning
units required
Mean% coverage of
the marine reserve

Figure 29

Summed solution MARXAN output for the 10% target improved sanctuary
zones.
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Figure 30

Summed solution MARXAN output for the 20% target improved sanctuary
zones.

Figure 31

Summed solution MARXAN output for the 30% target improved sanctuary
zones
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Figure 32
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Habitat
Slope
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Target achievement for the 10, 20 and 30% target sanctuary zone improvement designs
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4Discussion
4.1 Quickbird habitat map creation
The Quickbird multispectral data proved to be effective for mapping the complex subtidal habitats at Rottnest Island. The four broad habitat types identified, namely
seagrass, macro-algae, bare areas and intertidal regions, were representative of those
found at Rottnest, both in previous field surveys (AMSA 1991, Walker and Wells 1999),
and using remotely-sensed data (DEP 1996, Harvey 2009). The Quickbird habitat map
covered a larger proportion of the marine reserve than that mapped by Harvey (2009)
and DEP (1996), with a similar level of overall accuracy. This is most likely due to the
manual masking of erroneous pixels, rather than masking the habitat map at an
appropriate depth, resulting in an increased number of pixels remaining in the final map.
Mishra et al. (2006), successfully used Quickbird imagery to delineate between sand,
seagrass, algae and coral habitats to an overall accuracy of 81% in a tropical, shallowwater, marine environment. Nurlidiasari and Budhiman (2005) used Quickbird imagery
to classify six habitats in a similar environment. They identified coral reef, deepwater,
patchy reef, seagrass, macro-algae and sand, with an overall accuracy of 89%. The high
overall accuracy achieved by Mishra et al. (2006) and Nurlidiasari and Budhiman (2005)
shows the usefulness of Quickbird data in mapping complex, shallow-water marine
habitats. Habitats at Rottnest Island derived from Quickbird imagery were similar to
these studies, but were classified at a lower overall accuracy. With further development,
the Quickbird habitat map could potentially be developed to identify more than four
habitat classes, and a similar overall accuracy.
Phinn et al. (2008) found that Quickbird multispectral data gave similar patterns of
seagrass cover to hyperspectral data in Moreton Bay, Queensland. In the same study,
hyperspectral

and

Quickbird

data

identified

the

same

seagrass

species,

with

hyperspectral data more accurate. Similarly, Mumby et al. (2004) showed that Quickbird
imagery could provide the same type of data (i.e. bathymetry, habitat) as hyperspectral,
but at a lower accuracy. The Quickbird satellite has been replaced recently with a new
satellite, named WorldView-2 (DigitalGlobe 2011). WorldView-2 became operational on
January 4th, 2010, and has a higher spatial (1.85 m pixels) and spectral (8 band)
resolution than QuickBird. These extra data offer the advantage of additional spectra for
the classification of benthos, potentially leading to habitat maps with a higher thematic
resolution than was possible with Quickbird imagery. Mumby et al. (1998) used an eightband multispectral airborne sensor to accurately map coral reef habitats to high overall
accuracy (81%), significantly better than what was achieved using other multispectral
sensors in the same area. The high level of overall accuracy achieved in mapping the
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subtidal habitats of Rottnest, and other studies, indicate that archived Quickbird imagery
can still be used to map shallow-water, benthic habitats successfully. This is useful, as
archived Quickbird imagery is available for much of the Western Australian coastline, and
could potentially be used in future conservation planning exercises.

4.2 Multispectral vs. hyperspectral data for biodiversity surrogacy
The need to manage and conserve marine resources is leading to the promotion of
physical data as surrogates for biodiversity (Anderson et al. 2011). Biotic and abiotic
habitats have been successfully used as biodiversity surrogates in previous studies
(Marcot 2006, Mumby et al. 2007, Dalleau et al. 2010), however a habitat map with
more biotic (e.g. plant assemblages) than abiotic (e.g. depth) categories would be a
better surrogate for biodiversity. All surrogates are limited idiosyncratically in their
depictions of biodiversity, so a more comprehensive array of habitats gives a better
picture of biodiversity (Pressey 2004). Multispectral data are, by far, the most common
type of remotely-sensed imagery used for habitat mapping in conservation planning
(Turner et al. 2003, Marcot 2006). Hyperspectral data are usually limited to use where
habitat classification is required to a high taxonomic resolution (Mishra et al. 2007,
Harvey 2009), for the derivation of bathymetry, and for oceanographic research (Chang
2004), and are not generally utilised for conservation planning exercises.
Hyperspectral data can be classified to a higher thematic resolution and accuracy than
multispectral

data. For example, both

hyperspectral

(Mishra et

al. 2007)

and

multispectral (Mishra et al. 2005, 2006) data were used to classify benthic habitats in a
shallow tropical area near Honduras. Multispectral data were classified to six distinct
habitat classes, while hyperspectral data were classified to nine habitat classes, with a
higher overall accuracy. However, Dalleau et al. (2010) used multispectral imagery to
map 56 different habitat classes in a tropical coral reef environment, which were later
used for a conservation planning exercise. This was done by integrating abiotic,
geomorphic variables with biotic habitat classes to produce a final habitat map. This
integration of geomorphic variables allows multispectral data to be mapped to a similar
thematic complexity as hyperspectral data.
In this study, the multispectral maps had a maximum thematic resolution equal to the
hyperspectral map (six habitat classes), although this was only achieved by splitting the
Geoscan sand habitats into inshore and offshore classes. The HyMap habitat map had
the most biotic habitat classes, and the Geoscan habitat map the least. Additionally, the
HyMap habitat map was the only one to depict a coral habitat class, and so MPAs
designed using the other habitat maps had the potential to inadequately conserve or
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completely miss this important habitat type. This could be rectified with the inclusion of
coral in the species distribution data for MARXAN. Overall accuracy was highest in the
hyperspectral habitat map, and lowest in the multispectral maps. The increased
taxonomic resolution achieved by the hyperspectral HyMap habitat map may mean that
it is a better surrogate for biodiversity, particularly as it identified small, infrequently
occurring habitat types. The Quickbird habitat map, although only having four habitat
classes, identified all major habitat types except coral. The use of depth to delineate
inshore and offshore sand habitats by the Geoscan habitat map is unlikely to be of a
benefit to representing biodiversity.
In the context of conservation planning, defining small, infrequently occurring habitat
types can be crucial to adequately protecting biodiversity. Capturing the heterogeneity of
habitats is important for representing biodiversity. Some crucial and complex habitats
may be overlooked because they are not large enough to be detected by imaging
sensors with relatively coarse spatial resolutions, giving a false representation of species
richness (Turner et al. 2003). Conservation planners should choose habitat data that
have a spatial resolution fine enough to capture the fragmentation of habitats within the
study site, to properly represent biodiversity (Jordan 2005). Fine spatial resolution may
be required to capture heterogeneity in complex marine environments, such as coral
reefs (Mumby et al. 1997), however coarser spatial resolutions, such as the Geoscan
imagery, may be adequate for capturing uniform habitats, such as seagrass or bare
areas (Mumby and Edwards 2002). Of the three habitat maps used in this study, only
the HyMap and Quickbird sensors captured the highly fragmented nature of habitats at
Rottnest Island, while the larger pixels of the Geoscan image failed to identify smaller
clumps of habitat.
The capture dates of the three data sets differed between summer, autumn and winter.
The Geoscan was captured in summer, HyMap in autumn and the Quickbird imagery in
winter. Images captured during summer are often susceptible to interference from
afternoon sea-breezes, particularly as the optimum time of day for capturing aerial
imagery is midday, when shadows are the smallest. Autumn and winter provide good
times for capturing aerial imagery, as winds are often not as strong as they are in
summer, however there can be more interference from cloud cover. The three datasets
used to classify habitats in this study showed minimal interference from wind and cloud
cover, despite the large temporal variation in their capture times.
Hyperspectral data are typically more expensive than multispectral data. The HyMap
imagery used in this study had an estimated cost that was 3 times greater than that of
the Quickbird imagery (H. Kobryn, pers com.). Quickbird imagery was obtained from
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archival data for the study site, further reducing costs. The cost of the Geoscan data is
unknown, however being an aircraft-mounted sensor, it is most probably comparable to
the HyMap data. The advancement in multispectral sensors and mapping techniques
means that multispectral habitat maps can potentially be as thematically complex as
those derived from hyperspectral data. Given the increased cost of the hyperspectral
data compared to the Quickbird multispectral data, the benefits of hyperspectral imagery
for biodiversity surrogacy are often simply outweighed by the cost for conservation
planning. This is particularly true when cheaper archival multispectral imagery is
available, as is the case for much of the Western Australian coastline.

4.3 Influence of thematic and spatial resolution on MARXAN
solutions
In terms of habitat mapping, thematic and spatial resolutions are often inextricably
connected. A finer spatial resolution will usually result in higher thematic resolution, and
vice-versa (Mumby and Edwards 2002). Additionally, a finer spatial resolution will result
in increased thematic complexity, as smaller clumps of habitat are identified. Increased
thematic complexity results in a more complex problem for MARXAN to solve, as there
are more biodiversity features to represent, with less area per feature. This results in
reduced flexibility for MARXAN to design efficient MPAs.
Dalleau et al. (2010) found that the higher the thematic complexity, the better surrogate
a map was for biodiversity. However, the higher the thematic complexity, the more
biodiversity features there are to protect, and the larger and more costly a MPA network
may be. A habitat map with a broad thematic resolution will not include minor habitat
categories (Kendall and Miller 2008), potentially resulting in the misrepresentation of
biodiversity, and inadequate conservation measures. In practical terms, mapping efforts
need to be conducted at a relatively fine thematic scale to optimally capture habitat
types and heterogeneity, and inform conservation planning, but not so fine that they
impair the ability of the program to design efficient MPAs (Dalleau et al. 2010).
The HyMap and Geoscan habitat maps both have a higher thematic resolution than the
Quickbird habitat map. Increased thematic resolution means habitats occur across less
planning units, and so MARXAN has a reduced number of planning units with which to
achieve conservation goals. As a result, the use of the HyMap and Geoscan habitat maps
resulted in had a higher selection frequency than the Quickbird habitat map. The limited
planning units available to MARXAN with which to achieve the conservation goals,
particularly for infrequently occurring habitats such as coral, resulted in higher costs for
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the HyMap and Geoscan habitat maps. The HyMap and Geoscan habitat maps also
required higher numbers of planning units to protect these habitats.
The spatial resolution of the imagery used to construct a habitat map can alter the
habitat types identified. As spatial resolution becomes coarser, rare map categories are
lost and common categories become more dominant (Kendall and Miller 2008). This can
result in an inaccurate depiction of the fragmentation of habitats. Enhanced spatial
resolution not only increases thematic resolution, but also accuracy. Mumby and
Edwards (2002) found that enhancing the spatial resolution of the imaging device from
4 m – 1 m significantly increased thematic accuracy when mapping shallow water
tropical marine habitats.
Spatial resolution appeared to affect the objective function scores of the MPAs generated
by the three habitat maps. The Geoscan map, with the largest pixels, had the lowest
score, while the Quickbird and HyMap had similar scores. The finer spatial resolution of
the Quickbird and HyMap habitat maps allowed detection of small fragments of habitat
(i.e. coral) that might otherwise be overlooked. Detection of these small clumps results
in a more inefficient reserve design, as MARXAN must now protect isolated habitats.
Large pixels often result in these smaller habitats being ‘lost’ in the place of larger, more
dominant habitat types. As a result, MARXAN is able to clump planning units to protect
habitat types, reducing the boundary length of MPA networks, and improving the design
efficiency.
All three habitat maps achieved the conservation targets required, with the exception of
the pinniped resting sites. The low boundary length and objective function score from
the Geoscan map suggests that its large pixels result in a more continuous habitat
surface from which MARXAN can select planning units. This decreased the complexity of
the design process for MARXAN, as whole planning units could be used to achieve the
targets for each habitat type, rather than fragments of units. Despite this, the
continuous habitat surface is perhaps not an accurate representation of the complex,
fragmented habitats of Rottnest Island (Wells and Walker 1993, Harvey 2009),
potentially leading to inefficient MPA designs.
A habitat map with a finer spatial resolution, and more habitat classes, seemed to drive
more efficent MARXAN outputs. The multispectral data-derived habitat maps gave the
best outputs, with cheaper, smaller MPAs that were more efficient and less fragmented
than the MPAs derived from the hyperspectral data. A multispectral data-derived habitat
map, with a fine spatial resolution, and classified to as high a thematic resolution as
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possible, would be the most cost-efficient, and effective to use, for representing
biodiversity in a MARXAN analysis. There was no obvious advantage to using
hyperspectral data-derived habitat maps in the MARXAN analysis.

4.4 Efficiency of existing sanctuaries
The existing RIA sanctuary zones were created in 2007 as part of the Rottnest Island
marine management strategy (RIA 2007). The sanctuary zones were established in a
delphic fashion by a working group of stakeholders, and resulted in a substantial
increase in protected area from the previous sanctuary zones (4 – 17% of the marine
reserve) (RIA 2007). Stakeholders were each required to design a network of MPAs
which, when combined, produced a map similar to a MARXAN summed solution output.
This map was then used to design the final sanctuary zones. Despite improving on the
previous design, current sanctuary zones within the reserve failed to achieve the 30%
conservation target used in this study.
The addition of the bathymetry layer, in combination with the Quickbird habitat map,
provided a continuous data set that covered all of the RIA reserve. This allowed existing
sanctuary zones to be extended incrementally using MARXAN, ensuring any additional
planning units were complementary to the existing design. This approach has been used
elsewhere (Beckley and Lombard 2011). Abiotic features, such as rugosity, are often
linked to biodiversity (Dunn 2009), while others, such as latitude, longitude and depth
are not direct drivers of biodiversity patterns, but often correspond with driving
gradients (McArthur et al. 2009). Abiotic variables can exhibit complex relationships with
benthic biodiversity (McArthur et al. 2010), and are often used to represent biodiversity
in deep sea environments, where optical remotely sensed data are unavailable for
habitat mapping (Anderson et al. 2011). For example, Jordan (2005) used single-beam
acoustics to map broad abiotic deep-water habitats, including bare areas, reef, and
sponge gardens at the Kent Islands in southern Australia, resulting in a large no-take
MPA being established. Additionally, Lombard et al. (2007) successfully used abiotic
features, such as sediment thickness and bathymetry, alongside species distribution data
to plan a set of MPAs for the Prince Edward Islands. Rugosity was used in deeper areas
of the Rottnest Island marine reserve to complement Quickbird habitat data, as it has a
strong predictive power for biodiversity (McArthur et al. 2010).
Changing the target for habitats and bathymetry within the marine reserve had a
minimal effect on the MARXAN outputs. It appeared that the bird and pinniped
distribution data were the main drivers of the extensions on the sanctuary zones. In
addition, the spatial extent of the sanctuary extensions were not proportional to the
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amount of biodiversity features reserved, with a little additional area providing much
more protection. The 30% target outputs, while providing the largest and most costly
designs, still had a relatively low objective function score. Given that the goal of the
World Parks Congress is 30% of habitats to be protected by 2012 (Wood 2011), and the
34% achieved in other marine parks and reserves around Australia (GBRMPA 2004,
MPRA and CALM 2005), a 30% target represents a suitable goal for any extensions of
the sanctuary zones at Rottnest.
The summed solutions offered by MARXAN were inclined away from the coastline,
minimising the impact of sanctuary zone extensions on Rottnest Island’s main extractive
activity, shore-based recreational fishing. Sanctuary zones would be extended into
offshore areas, affecting boat-based fishing (including spearfishing and crayfishing). The
extension of the Kingston Reef sanctuary zone is likely to have the most impact on
recreational activities. Extensions of the sanctuary zones will also create increased areas
for non-extractive activities, such as diving or snorkelling, potentially increasing ecotourism to Rottnest. Additionally, it is likely that the creation of sanctuary zones will
increase populations of popular fished species such as the western rock lobster (Babcock
et al. 2007)
In the complex environment of Rottnest Island, zoning of MPAs is often beneficial to both
biodiversity and human use. Zoning allows certain activities, such as fishing, to occur in
areas where their impacts will not be overly harmful to the environment. This allows the
management areas to be extended, so conservation planners have more control over the
marine environment, without large areas of the reserve being no-take sanctuary zones.
MAR-Zone, a development of MARXAN that allows for zoning in MPA design (Watts et al.
2009), could potentially be used in an environment like Rottnest Island to design a set of
MPAs that are zoned, to reach the conservation targets and minimise the socio-economic
impact.
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5Conclusions
This study has shown that readily available multispectral data can be effectively used to
represent biodiversity for conservation planning using MARXAN. Hyperspectral data,
while providing a high level of detail in habitat mapping, offers no obvious advantage in
a MARXAN analysis. The potential to accurately map habitats using available archived
multispectral imagery, and the suitability of these data for MARXAN analysis, means that
funds could be allocated to obtaining more detailed species distribution or cost data.
MARXAN allows for the amalgamation of many types of biodiversity data, so the
conservation planner is able to build a comprehensive data set to represent the
biodiversity of the region.
The suitability of Quickbird data for conservation planning, the creation of routine
sunglitter and water depth correction techniques, and the availability of archived
imagery for much of the Western Australian coastline could potentially lead to
conservation planners using this and MARXAN in future conservation planning exercises.
Bathymetry layers and existing species distribution datasets could be used as a
surrogate for biodiversity beyond the area not mapped using the Quickbird imagery.
Despite the hyperspectral data identifying habitats to a higher taxonomic resolution,
multispectral data proved to be an effective tool for mapping benthic habitats for
conservation planning. It appeared that spatial resolution, rather than thematic
resolution, led to more efficient MPA designs. Smaller pixels allowed for the detection of
small clumps of habitat, crucial for the proper representation of biodiversity. This study
found no obvious advantages in the MARXAN outputs from the hyperspectral data.
Although the Quickbird data in this study was only identified to four habitat types, other
studies have enabled the classification of similar data to higher thematic resolutions.
Additionally, the Geoscan multispectral data were classified to a higher thematic
resolution for the marine reserve. With further development, the Quickbird habitat map
used in this study could potentially have been classified to a similar thematic resolution
as the HyMap data (6 habitat classes), and defined different macro-algae or seagrass
taxa.
Rottnest Island presents a intricate suite of problems for conservation planners. Rottnest
has a complex socio-economic environment, as well as unique biodiversity. The existing
sanctuary zones, while inefficient for biodiversity conservation, were designed to include
the interests of many stakeholders. The use of MARXAN in designing future sanctuaries
could allow the RIA to include the stakeholder interests in future planning exercises.
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Any improvement on the existing RIA sanctuary zones should be made in an iterative,
complementary way. This will minimise the amount of ‘excess’ area protected. While
MARXAN will do this, it must be remembered that MARXAN outputs will only provide
near-optimal solutions, and referral of these to stakeholders for preference and
acceptance would be advisable.
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Appendix A – Training sites used for the classification
of habitats using Quickbird multispectral satellite
imagery
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Figure 33
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Bare and vegetated training sites used for the classification of habitats.

Figure 34
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Vegetated training sites used for the classification of habitats.

Appendix B – Human use data provided by the
Rottnest Island Authority
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Figure 35
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Spatial extent of the RIA human use data.

Appendix C – Flowchart depicting the methodology
used to develop MARXAN input files from raw
biodiversity and human use data
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Appendix D – Flowchart depicting the methodology
used to develop MARXAN input files from raw
biodiversity, bathymetry and human use data for the
improvement of existing sanctuary zones
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Appendix E –MARXAN ‘best solution’ output for MPAs
designed using the three habitat maps.
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Figure 36.

MARXAN best solution output using the Quickbird habitat data.. Best
solution refers to the MPA designed with the lowest objective function
score.

Figure 37.

MARXAN best solution output using the HyMap habitat data.. Best solution
refers to the MPA designed with the lowest objective function score
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Figure 38.

MARXAN best solution output using the Geoscan habitat data.. Best
solution refers to the MPA designed with the lowest objective function
score
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