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a b s t r a c t

In order to maintain ecosystems and biodiversity, Australia has long invested in the de-
velopment of marine and terrestrial protected area networks. Within this land- and sea-
scape, northern Australia represents a global population stronghold for four species of the
world’s most threatened marine fish family, the sawfishes (family Pristidae). The distribu-
tion of sawfishes across northern Australia has previously only been coarsely estimated,
and the adequacy of their representation in protected areas has not been evaluated. The
calculated range of each specieswas intersectedwithAustralia’smarine and terrestrial pro-
tected area datasets, and targets of 10%marine and 17% inland range protection were used
to determine adequacy of sawfish range protection. Marine targets have been achieved
for all species, but the inland range protection targets have not been met for any species.
Results indicate that further protection of inland habitats is required in order to improve
sawfish protection and habitat connectivity.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The development of terrestrial and marine protected areas (MPAs) is essential in balancing the pressure of human
development, the protection of biodiversity, and in aiding recovery of threatened species (Gaston et al., 2008). Globally,
there has been a steady increase in protected areas with many countries investing in the development of protected area
networks to reduce the loss of species and meet targets set forth in the Convention on Biological Diversity (CBD); however
many ecoregions remain inadequately protected (Spalding et al., 2008; Jenkins and Joppa, 2009). While protected area
planning must consider the conservation needs of various habitats and species, global and regional assessments of progress
towards both the CBD Aichi Target 11 and 12 (protect 17% of the world’s land surface by 2020, and prevent the further loss
of known threatened species, respectively) show that many threatened species are not adequately protected and there are
still significant shortfalls in meeting the targets (Shaw et al., 2014; Venter et al., 2014). Given that protected areas are an
essential conservation tool for protecting threatened species and their critical habitat (Miller et al., 1990), due consideration
is required to adequately incorporate threatened species into their design.

In Australia, both marine and terrestrial protected area networks have been developed through the use of the Compre-
hensive, Adequate, and Representative (CAR) system (NRMMC, 2005). This protected area planning system aims to protect
adequate levels of ecosystems for each Australian bioregion to ensure viability and ecological integrity (ANZECC, 1999; Com-
monwealth of Australia, 2013).While the protected area system in Australia is extensive, there remainmany ecoregions that
are not adequately protected (Spalding et al., 2008; Jenkins and Joppa, 2009; Barr and Possingham, 2013).
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Though the ecoregional target shortfalls for the Australian protected area system and priority areas for further protection
to meet targets have been explored (e.g. Watson et al., 2010 and Barr and Possingham, 2013), few studies have focused on
investigating whether Australia’s protected area systems are adequately protecting threatened species. Those that have
been conducted focus on terrestrial birds, mammals and amphibians (Lemckert et al., 2009; Watson et al., 2010; Venter
et al., 2014). No studies have been conducted to determine if aquatic, euryhaline, estuarine, or marine threatened species
are effectively protected. A major barrier to conducting assessments on the adequacy of protection for these species is the
lack of information required to accurately estimate species’ ranges. Identifying a species’ range is dependent upon spatial
distribution information (Gaston and Fuller, 2009) and these data can be sparse for aquatic, euryhaline, estuarine, andmarine
species (for a more detailed review on the difficulties of assessing species distributions see Williams et al., 2002 and Cooke,
2008). Furthermore, given many of these species occupy or move between multiple realms, estimation of ranges should
span relevant realms. Constructing these ranges is the first barrier to estimating the current adequacy of protection for
these species.

The cartilaginous fishes (class Chondrichthyes) face a global conservation crisis, with an estimated one quarter of species
threatened with extinction (Dulvy et al., 2014). The sawfishes (family Pristidae) are the most threatened chondrichthyan
family, having undergone unprecedented declines in both range and abundance in the last few decades; indeed they
are arguably the most threatened group of marine fishes (Faria et al., 2013; Dulvy et al., 2014). The world’s five sawfish
species face similar threats across their tropical ranges due to their shallow inshore coastal (and for some species, riverine)
distributions in areas facing high exploitation and development pressures, and their toothed rostrums, which are highly
vulnerable to entanglement in fishing gear and are often sought as curios (Harrison and Dulvy, 2014). Sawfishes generally
conform to the limited life history characteristics displayed by long-lived and late-maturing elasmobranchs, which further
increases their vulnerability (Peverell, 2005). Sawfishes also represent cross-realmmanagement challenges as some species
occupy different habitats (freshwater, estuarine, marine) at different stages of their life cycle.

Northern Australia holds some of the few remaining viable sawfish populations, providing globally important habitat for
four of the five sawfish species: Pristis pristis Linnaeus, 1758 (Largetooth Sawfish), P. clavata Garman, 1906 (Dwarf Sawfish),
P. zijsron Bleeker, 1851 (Green Sawfish) and Anoxypristis cuspidata (Latham, 1794) (Narrow Sawfish). Ranges for each species
in Australian waters have been very coarsely mapped using limited records (for example, see the Atlas of Living Australia;
www.ala.com.au). However, no studies have been conducted to define accurate range estimates. Defining a species’ range
can be accomplished by identifying the extent of occurrence (EOO) and area of occupancy (AOO), parameters which are also
important when assessing the extinction risk of a species (IUCN, 2012). A species’ EOO is defined as the minimum area that
encompasses all known, projected, or inferred records of a species, excluding cases of vagrancy. The AOO refers to the area
within the EOO that the species actually occurs in (IUCN, 2012). Both parameters have not been determined for sawfish
species in northern Australia.

Given the current imperilled status of sawfishes globally, Australia’s stated goals to reduce biodiversity loss, and the im-
portance of northern Australia’smarine, estuarine, and freshwater environments to these species, this study aims to identify,
as accurately as possible with available species records, the Australian ranges of P. pristis, P. clavata, P. zijsron and A. cuspi-
data and determine if Australia’s current marine and terrestrial protected area networks are effective at protecting sawfish
species ranges. This is accomplished by addressing the following objectives: (1) accuratelymapping each species’ Australian
range; (2) assessing the level of protection; and, (3) assessing connectivity between protected areas across terrestrial and
marine realms.

2. Methods

2.1. Data collection

Australian sawfish species location records were obtained from Commonwealth and state/territory fisheries
departments, museums, the literature, and expert consultation. Records were organized by species and records attributed
to unspecified species (i.e. ‘sawfish’) were removed. Using these records, as well as available range and habitat preference
information, and various datasets describing Australia’s hydrological areas and marine bioregions, EOO and AOO were
determined for each species in Australian waters (state/territory and Commonwealth waters to the 200 nm limit).

Australia’s hydrological area data included catchments, estuaries, floodplains, rivers, and streams. Catchment data
were obtained from the National Catchment Boundaries v.1.1.4, available through the Geoscience Australia website
(http://www.ga.gov.au). This dataset describes the surface drainage pattern for Australia’s hydrological areas. Estuary, flood-
plain, river, and stream data were obtained from the Australian Hydrological Geospatial Fabric (Geofabric) Product Suite
V2.1: Geofabric Surface Cartography (AHGF HydroArea). The Geofabric Surface Cartography product provides 15 types of
geometric representations of Australia’s surface waters for use in ArcGIS. For the purpose of this project, estuaries, mapped
streams, waterbodies, and hydrological area feature types were used.

Marine bioregion and jurisdiction information was obtained from the 2005 National Marine Bioregionalisation of Aus-
tralia GIS Dataset available via Geoscience Australia. This data provided coarse information about average depths of each
bioregion. The 2012 version of Australia’s Network of Commonwealth Marine Reserves (CMR) and the Collaborative Aus-
tralian Protected Area Database (CAPAD) 2010 were obtained through the Australian Government Department of the En-
vironment (http://www.environment.gov.au/metadataexplorer/explorer.jsp). These datasets provide spatial data and in-
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Table 1
The four (of five global) species of sawfish occurring in Australian waters and their broad global distribution, habitat, and conservation status (Harrison
and Dulvy, 2014).

Species name Common name Distribution Habitat Global conservation statusa

Anoxypristis cuspidata Narrow Sawfish Indo-West Pacific Estuarine, Marine Endangered
Pristis clavata Dwarf Sawfish Australiab Estuarine, Marine, Riverine Endangered
Pristis pristis Largetooth Sawfish Indo-West Pacific, Eastern Pacific,

Western Atlantic, Eastern Atlantic
Estuarine, Marine, Riverine Critically Endangered

Pristis zijsron Green Sawfish Indo-West Pacific Estuarine, Marine Critically Endangered
a IUCN Red List of Threatened Species (IUCN, 2014).
b Historically more widely distributed in the Indo-West Pacific.

formation about the National Reserve System (NRS), which focuses on inland waters and terrestrial protected areas, and
the National Representative System of Marine Protected Areas (NRSMPA), including status of the protected area and IUCN
protected area category information (IUCN, 2012).

2.2. Data analysis

All analyses were performed using ESRI’s ArcGIS 10.1 mapping and spatial analysis software. Location records were used
to determine the spatial boundaries of the EOO and AOO for each species. Given that all sawfish species inhabit marine and
inlandwaters, separatemarine and inland rangeswere determined for each species. The hydrological data used in this study
includes estuaries and for the purpose of this study, estuaries are included within a species’ inland range.

A convex polygon (a polygon that contains all records and does not include angles that are greater than 180°) was used to
aid in identifying the most northern, eastern, and western extents of the marine ranges. The extents of the marine range for
each species were clipped to include only the potential range within Australia’s Exclusive Economic Zone. Though convex
polygons are included as an appropriate method to measure EOO by the IUCN (IUCN, 2012), they are not encouraged for
use in freshwater environments (Simaika and Samways, 2010). However, given the lack of specific habitat suitability data
available for P. pristis and P. clavata, the use of a convex polygon is likely the best available technique. In order to ensure
the range was biologically meaningful to each species, the convex polygon was restricted to only include appropriate water
bodies. For P. pristis and P. clavata, the literature indicates that these species have been documented 400 km and 100 km
inland from coastal waters, respectively (Thorburn et al., 2003; Last and Stevens, 2009). These parameters were used to
define each species’ inland range extent. Vagrants of P. pristis off southwestern Australia (Chidlow, 2007) and P. zijsron off
southern Australia (Last and Stevens, 2009) were not included in the analyses. Records of P. clavata on the east coast of
Queensland were also removed, as these records have not been substantiated (Kyne et al., 2013). Records for A. cuspidata,
P. clavata and P. pristis are as recent as 2002 for the southeastern and southwestern extents of their ranges. However, in the
case of P. zijsron, there are no recent records south of the Whitsunday Islands along the central coast of Queensland. As a
result, records of P. zijsron south of this area were removed for the recent range estimates, as the species is extirpated from
this area (Harry et al., 2011). These records were used to determine the species’ historic range.

Omission errors and commission errors often occur when calculating range and overlaying ranges with protected area
data (Rodrigues et al., 2004). Omission errors occur when a species is considered absent from a protected area when it is
in fact present. Commission errors occur when a species is considered present in a protected area when it may actually be
absent (Rodrigues et al., 2004). In order to identify each species’ EOO and AOO, rangewas identified using twomethods. Both
methods involved the use of habitat preferences outlined in the literature. As such, omission errors have likely been avoided.

The first method involved including all available habitat based on habitat preferences outlined in the literature in an at-
tempt to identify each species’ EOO (Table 1). This method likely includedmany commission errors, resulting in an overesti-
mated range. The secondmethod aimed to identify each species’ AOO by narrowing the selection process and only selecting
marine and inland habitat inwhich recordswere found. Thismethod aimed to reduce commission errors. Though both range
calculation methods may be overestimating each species’ range and protected area coverage, these range calculations are
still a useful method for exploring conservation issues (e.g. Lemckert et al., 2009 and Cantú-Salazar et al., 2013).

The AOO estimates involved only including marine bioregions in the marine extent of each species’ range that contained
records. For A. cuspidata and P. zijsron, the AOO estimates also involved selecting for estuaries and hydrological areas where
records were found and merging these areas with their marine extents. Given that P. pristis and P. clavata are considered
euryhaline species, determining EOOandAOO for these species pose challenges given the fluctuations in northernAustralia’s
inland waters between the wet and dry seasons. Seasonal fluctuations in water levels in northern Australian rivers and
floodplains cause major changes in habitat availability (Winemiller, 1996; Douglas et al., 2005). In order to include these
fluctuations, catchment data was used to identify potential range. The majority of the inland ranges for these species were
determined by selecting for catchments that intersected major rivers and contained sawfish records. These catchments
were used to identify the hydrological areas, mapped streams, estuaries and water bodies in which sawfish were found. The
mapped streams feature type is constructed of line feature classes and was used to determine the ranges of P. pristis and
P. clavata. In order to include streams in the range calculations, the streams were modified into polygons by buffering the



404 K.R. Devitt et al. / Global Ecology and Conservation 3 (2015) 401–411

Table 2
Summary of area of occupancy (AOO) and extent of occurrence (EOO) estimates and the proportion of marine and inland range that is considered protected
for each species.

Range type A. cuspidata P. zijsron P. clavata P. pristis
AOO EOO AOO EOO Historic EOO AOO EOO AOO EOO

Total range (km2) 1,256,400 1,541,120 1,304,319 1,322,191 1,652,169 486,977 504,631 895,617 1,203,565
Inland range (km2) 2669 3548 2812 20,684 25,962 18,898 36,552 80,103 295,565
Marine range (km2) 1,253,731 1,517,829 1,301,507 1,301,507 1,626,207 468,079 468,079 815,515 908,000
% of records located in a PAa 9.52 11.93 15.07 15.07 13.76 21.56 21.56 4.68 4.68
% of inland range protected 8.59 15.23 1.55 16.74 13.34 13.28 15.46 15.15 13.34
17% target met? Nob Nob Nob No No No No No No
% of marine range protected 34.06 43.50 37.83 37.83 32.04 21.86 21.86 31.47 37.80
10% target met? Yes Yes Yes Yes Yes Yes Yes Yes Yes
a Protected area.
b Target of 1000 km2 or 100% range protection not met.

streams by 200 m total. For records that were not connected to major rivers, the mapped stream and hydrological areas
datasets were used to identify likely pathways the sawfish must have taken in order to reach the inland waterways.

Each range was intersected with Australia’s network of CMR (2012) and CAPAD (2010) datasets to identify areas of the
ranges and protected areas that overlapped. Across northernAustralia there is awide range of protected area sizes (from0.01
to 491,202 km2); we therefore identified the largest protected areas within each species range to provide more qualitative
details around the type of protection each species was receiving.

We considered whether Australia’s protected area system provides adequate protection across sawfish life cycles by
estimating the distance between marine and terrestrial protected areas. This was accomplished by converting all of
Australia’s protected area polygons into point data. The point datawas then uploaded intoGeospatialModeling Environment
software, a platform designed to aid in spatial analysis. This software calculates the distance between each point and
identifies the nearest neighbour for each point (for a similar approach, see Almany et al., 2009). This analysis provides
information on how far sawfishes must travel to reach other parts of their range under protection when moving between
freshwater, estuarine and marine environments.

Targets were used to determine if species ranges were adequately protected. Target-based-conservation is a key com-
ponent of many conservation decision support tools and has been incorporated into Australia’s Strategy for the National
Reserve System (NRS) (Australian Government, 2009; Barr and Possingham, 2013). Ideally, targets are based on detailed
population data (Gaston et al., 2002). This data is currently not available for sawfish. As a result we chose targets similar to
those that have been previously used to assess the effectiveness of protected areas, for example in relation to representation
of species ranges (e.g., Watson et al., 2010) and Antarctica’s protected areas in a global context (e.g., Shaw et al., 2014). We
adapted the targets used by Watson et al. (2010) such that for species with ranges <10,000 km2, the smaller value of 100%
or 1000 km2 range protection was set as the target. For species with ranges >10,000 km2, targets of 10% for marine range
protection and 17% (as compared to a 10% target used by Watson et al., 2010) for inland range protections were used. We
chose to use a 17% inland target to reflect the protection targets for marine, terrestrial and inland ecosystems set forth in
Target 11 of the CBD Aichi Biodiversity Targets (CBD, 2010). Given that many countries are attempting to protect 17% and
10% of representative terrestrial and marine habitat, respectively, it is not unreasonable to assume that this should trans-
late to 17% or 10% of a species’ range. Australia is signatory to the CBD and has committed to meet these targets by adding
600,000 km2 across terrestrial, aquatic, and marine environments to the protected area networks (NRMMC, 2010).

3. Results

3.1. Species ranges and protection levels

Of the records obtained, 2908 records of A. cuspidata, 741 records of P. zijsron, 247 records of P. clavata, and 470 of
P. pristis were included in this study. Five hundred and twenty four of the records included were found within a protected
area (Table 2).

AOO estimates indicate that P. zijsron has the largest range while P. clavata has the smallest range (Fig. 1, Table 2). The
EOO estimates yielded similar results, however, the range of A. cuspidata is larger than P. zijsron using this method (Fig. 2,
Table 2). The historic EOO estimate of P. zijsron extended as far south as Sydney and is over 300,000 km2 larger than the
current EOO estimate. Regardless of the way in which range was calculated (AOO or EOO), marine ranges for each species
met the 10% target, with all species having >21% of their range protected (Table 2). AOO and EOO estimates for the inland
range of A. cuspidata and AOO estimates for the inland range of P. zijsron are<10,000 km2 and did not meet the 1000 km2 or
100% range protection targets. The amount of inland range protected by the NRS ranged from 1.55% to 15.15% for the AOO
estimates, and 13.34% to 16.74% for the EOO estimates (Table 2); no species met the inland range protection target.

Based on the CAPAD (2010) and MPA (2012) datasets, the NRS has protected >900,000 km2 of land and inland waters
and the NRS marine protected areas have also protected >3,400,000 km2 of marine habitat. According to IUCN categories
of protected areas, most of Australia’s marine and terrestrial protected areas are primarily considered protected areas with
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Fig. 1. Area of occupancy (AOO) estimates for (a) A. cuspidata, (b) P. zijsron, (c) P. clavata and (d) P. pristis.

Fig. 2. Extent of occurrence (EOO) estimates for (a) A. cuspidata, (b) P. zijsron, (c) P. clavata and (d) P. pristis.

sustainable development (IUCN categoryVI) (40.5%) andnational parks (II) (31%) (Fig. 3). The results of the intersects indicate
that the majority of protected areas that encompass sawfish ranges are protected areas with sustainable use (VI), regardless
of how range was calculated. National parks (II) also encompass approximately 20% of the protected ranges of A. cuspidata
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Fig. 3. Proportions of range protected for each species’ (a) area of occupancy (AOO) and (b) extent of occurrence (EOO) that fall under each IUCN protected
area category.

and P. zijsron, 22% of P. pristis and 14% of P. clavata. Very small amounts of the protected portions of each sawfish species’
range fall under the other strict protected area categories (IUCN Ia, Ib, III) with the exception of IUCN IV. Habitat/species
management areas (IV) cover approximately 15% of P. zijsron protected range as well as small amounts (1%) of other sawfish
species’ protected ranges. However, when the EOO estimates for A. cuspidata and P. pristis are considered, habitat/species
management areas included in A. cuspidata and P. pristis range increases to approximately 16% and 9%, respectively.

There are some very large iconic protected areas that contribute to meeting the protection targets for the four species
including two World Heritage Areas: the Great Barrier Reef and Kakadu National Park. The Great Barrier Reef marine
protected area (GBR MPA) contributes the largest amount of marine protection for A. cuspidata, P. zijsron, and P. pristis.
The Kimberley Commonwealth Marine Reserve (CMR) contributes the largest amount of marine protection for P. clavata
(Fig. 4).

3.2. Nearest neighbour analysis

The distances a sawfishmust travel between inland areas of protection andmarine protected areas are largewith allmean
distances being >200 km for AOO estimates and >120 km for EOO estimates (Fig. 5). The largest protected areas (Kakadu
National Park, GBR MPA and the Kimberley CMR) and their nearest cross realm parks (ArnhemMPA, Conway National Park
and Monkhouse Timber Reserve, respectively) are shown in Fig. 4.

4. Discussion

This study provides a means for assessing the adequacy of protection for threatened species that need immediate
conservation action but lack critical data. Furthermore, our assessment provides a method for considering adequacy of
protection across multiple realms, which has not previously been incorporated. Our approach could be applied to other
species that occupy or move across multiple realms. By considering not only the adequacy in terms of protection targets but
also in terms of spacing, our approach provides insights into design issues for future expansion of the protected area system.

Given the global importance of northern Australia for threatened sawfishes, our study has direct implications for the
global conservation of these threatened species. Prior to our study, sawfish ranges had been very coarsely mapped and
were strictly based upon a limited number of records (see Atlas of Living Australia; http://www.ala.org.au). Using species
records, habitat preferences, and datasets describing Australia’s land- and sea-scapes, this study provides more accurate
range estimates for the four sawfish species occurring in Australian waters. The ranges indicate that protection of inland

http://www.ala.org.au
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Fig. 4. Protected areas that provide the largest amount of protection for (a) A. cuspidata, (b) P. zijsron, (c) P. clavata and (d) P. pristis as well as the closest
cross realm park that provide protection within each species’ range.

waters, including rivers and estuaries, as well as areas in-between inland andmarine habitats require improvement in order
to meet protection targets for sawfishes and promote connectivity between protected areas.

4.1. Mapping species ranges

The twomethods used here to calculate range have provided EOO and AOO estimates. EOO and AOOhelp define a species’
geographic range and are two parameters that are considered when determining a species’ status for the IUCN Red List of
Threatened Species (IUCN, 2012). The IUCN Red List ‘geographic range’ criteria require that EOO and AOO meet various
thresholds in order to be classified in a threatened category (EOO, <20,000 km2; AOO, <2000 km2) (IUCN, 2012). Based
on the results of this analysis, none of the species’ Australian AOOs and EOOs meet the Red List ‘geographic range’ criteria.
Historical records for P. zijsron allowed for the calculation of this species’ historical range, indicating a decline of 19% in the
Australian EOO. Though the IUCN ‘geographic range’ criteria is intended for specieswith restricted, fragmented, declining, or
fluctuating ranges, declining ranges are also used as a criteria by the IUCNwhen accessing population declines if abundance
data are not available (IUCN, 2012). As such, the results of this study could act as a baseline for Australian sawfish ranges.

4.2. Assessing the level of protection

The results of this analysis indicate that within their globally significant northern Australian range, all species of
threatened sawfish met the protection adequacy targets in their marine range but no sawfish met the targets in their inland
range. Though all speciesmet the 10% protectedmarine range target, it is important to note that the CommonwealthMarine
Reserve (CMR) network was only proclaimed in 2012 and the future status of these reserves is unclear. Management plans
and regulations for the CMR network were due to come into force in these areas in July of 2014 (Director of National Parks,
2013a,b). However, the new Australian Government (elected in 2013) suspended these plans (Hunt and Colbeck, 2013) and
the zoning of the network faces uncertainty. As a result, it is unclear what level of conservation impact these areas will have
on each species of sawfish. In addition, the protected area categories that offer the greatest levels of protection (Ia, Ib, and
II) contribute very small amounts of protection for each species’ range.

There are differences in the proportion of sawfish ranges protected in each IUCN category compared to the national
average (Fig. 3); proportions of sawfish ranges protected in IUCN VI are greater than the national average and proportions
protected in IUCN Ia, Ib, and II are less than the national average. The small proportion of ranges under strict protection (IUCN
I–IV) is concerningwhen considering the effectiveness of different categories to contribute to species protection; for example
Taylor et al. (2011) found that of four measures of conservation effort (protection across strictly protected areas (IUCN I–IV)
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Fig. 5. Results of the nearest neighbour analysis. Mean distances between inland andmarine protected areas for the (a) area of occupancy (AOO) estimates
and (b) extent of occurrence (EOO) estimates for each species.

and other protected areas (IUCN V–VI), species recovery activities and other natural resource conservation activities), only
strictly protected areas (IUCN I–IV) showed positive associations with stable or increasing population trends. The majority
of the ranges that are considered protected fall under protected areas that allow for the sustainable use of resources (VI). In
many of these areas, restricted forms of commercial and recreational fishing, mining operations, aquaculture, and tourism
are still permitted (Director of National Parks, 2013a,b). Setmesh nets, pelagic gillnets, demersal longline, and bottom trawls
are prohibited, however, commercial cast, scoop, barrier, drag, and skimmer nets are not prohibited (Director of National
Parks, 2013a,b). Subsequently, all threatening processes have not been eliminated.

4.3. Protected areas of significance

The GBR MPA in northeastern Australia provides the largest area of protection for A. cuspidata, P. zijsron, and P. pristis
and provides protection of multiple habitats including coastal mudflats, mangroves, and offshore areas (Great Barrier Reef
Marine Park Authority, 2009). Though the design of the GBR MPA zones does not extend to include formal protection on
adjacent coastal areas, the impacts of terrestrial runoff on the park are recognized andmanaged through other mechanisms
such as the 2003 Reef Plan and 2007 Reef Rescue Package (Brodie et al., 2012). The results also indicate that Kakadu National
Park in the Northern Territory plays a large role in protecting inland ranges of P. clavata and P. pristis. Improving protection
of coastal and marine areas in close proximity to Kakadu would also improve connectivity between inland and marine
protected areas.

The Kimberley CMR provides the largest area of protection for P. clavata and contributes towards the protection of the
other three sawfish species’ ranges. The Kimberley region has been identified as a global hotspot for sawfish (Thorburn
et al., 2007, 2008; Morgan et al., 2011) and increasing the number of protected areas surrounding the Kimberley could
promote connectivity between other protected areas and increase range protection for all sawfish. Further protection of
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the Kimberley region is of particular importance due to the increasing pressure to further develop natural gas reserves in
the area (Australian Government, 2014). Though no studies to our knowledge have directly studied the impact of natural
gas extraction and infrastructure development on sawfish species, increasing infrastructure will likely lead to habitat
destruction.

4.4. Assessing connectivity

In addition to identifying targets for marine and terrestrial protection, Target 11 of the CBD Aichi Biodiversity Targets
also states that protected areas must be effectively and equitably managed, ecologically representative, and well connected
(CBD, 2010). The analysis by Barr and Possingham (2013) demonstrates that the reserve network in theNorth andNorthwest
bioregions are not ecologically representative and given the uncertain implementation status of the new marine reserves,
management is not yet underway.

The results of the nearest neighbour analysis have implications for management and planners when considering
connectivity among protected areas. Our analysis indicates that all sawfish species must travel large distances (>200 km)
between marine and inland protected areas. This is of particular importance for P. clavata and P. pristis, as female sawfish
are thought to pup in estuaries (an inland area) and juveniles occupy riverine and freshwater habitats (represented by
terrestrial protected areas) beforemoving intomarine (coastal and offshore) environments (represented byMPAs) (Peverell,
2005; Thorburn et al., 2007, 2008). Additionally, tracking studies of P. clavata and P. zijsron in Western Australia indicate
that these species inhabit shallow coastal mudflats as well as inundated mangrove forests (Stevens et al., 2008). While
considering these multiple habitats in the design of protected areas is clearly important to ensuring adequate protection
of the species, bioregional planning often considers each realm of the environment separately (terrestrial/freshwater or
marine) (Stoms et al., 2005; Beger et al., 2010). As a result, important connections that are essential formany species between
these environments are often not considered or protected (Stoms et al., 2005; Beger et al., 2010). Few attempts to integrate
different realms have been made by protecting estuary and mangrove environments, and connectivity between these types
of habitats and the surrounding environments is rarely considered (for comprehensive reviews of existing planning studies
that have considered multiple realms see Álvarez-Romero et al., 2011 and Adams et al., 2014).

Ideally, the nearest neighbour analysis results could also be used to further assess the adequacy of protection for each
species of sawfish by identifying specific areas for future protection. This can be done in conjunctionwithmovement data for
each species, as demonstrated by Pendoley et al. (2014), who used long-term tracking studies to identify a coastal corridor
that promotes connectivity between multiple MPAs and improves the protection of multiple species in northern Australia.
Telemetry studies have only investigatedmovement patterns for P. clavata and P. zijsron at a small-scale over a period of a few
days (Peverell and Pillans, 2004; Stevens et al., 2008). Genetic studies of P. pristis indicate female philopatry, but the extent
of movement away from natal rivers during non-breeding periods is unknown (Phillips et al., 2011). Conventional tagging
has documented P. pristis travelling 220 km between river drainages in the Gulf of Carpentaria and migrating upstream
and downstream in rivers (Peverell, 2008). No movement data is currently available for A. cuspidata. Overall, these data
are insufficient to determine the migratory corridors used by sawfishes, and to address the adequacy of protection in the
context of the nearest neighbour analysis. Moving forward, long-term sawfish movement studies are required to assist in
identifying specific areas for future protection that promote connectivity.

Connectivity between realms is of particular importance given the proposed development of new dams for hydroelec-
tricity and water storage for many areas in northern Australia (Australian Government, 2014). Barriers, such as dams, are
likely to impact the distribution of migratory freshwater fish species such as P. pristis (Thorburn et al., 2007). The poten-
tial development in northern Australia, the sawfish tracking studies that are currently available (Stevens et al., 2008), the
nearest neighbour analysis results and the spatial comparison of sawfish ranges with Australia’s protected area networks
conducted in this study demonstrate the need to promote connectivity and integrate different environments through the
protection of estuaries and surrounding coastal habitats, in addition to inland waters and marine areas.

5. Conclusions

The establishment of protected areas that are ‘comprehensive, adequate and representative’, is a cornerstone for conser-
vation of biodiversity, and while Australia has made important advances in meeting protected area targets, there are still
significant shortfalls in protection, in particular for threatened species. Our findings of under-protection and lack of pro-
tected area connectivity are consistent with previous global and national studies (Watson et al., 2010; Venter et al., 2014).
Furthermore, there is a real risk of the downgrading of Australia’s reserves and environmental management in general, and
uncertainty surrounds the persistence of the network (Ritchie, 2013).
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