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Monitoring marine habitats and biodiversity is critical for understanding ecological processes, conserving natural resources, and achiev-
ing ecosystem-based fisheries management (EBFM). Here, we describe the application of autonomous underwater vehicle (AUV) tech-
nology to conduct ongoing monitoring of benthic habitats at two key locations in Western Australia. Benthic assemblages on rocky
reefs were sampled with an AUV, which captured .200 000 geo-referenced images. Surveys were designed to obtain 100% coverage of
25 × 25 m patches of benthic habitat. In 2010, multiple patches were surveyed at 15 –40-m depths at three reference sites at the
Houtman Abrolhos Islands and at six reference sites at Rottnest Island. The following year, repeat surveys of the same geo-referenced
patches were conducted. Benthic assemblages at the Houtman Abrolhos Islands were varied in that one reference site was dominated
by hard corals, whereas the other two were macroalgae dominated. Conversely, assemblages at Rottnest Island were dominated by the
kelp Ecklonia radiata. The AUV resurveyed each patch with high precision and demonstrated adequate power to detect change.
Repeated observations at the reference sites will track natural variability in benthic habitat structure, which in turn will facilitate
the detection of ecological change and ultimately feed back into EBFM processes.
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Introduction
Over the past decade, the management of fishing activities in marine
ecosystems has shifted from a traditional single-species approach
towards ecosystem-based fisheries management (EBFM), which
considers multiple biological, physical, and socio-economic compo-
nents of complex systems. In essence, the transition to EBFM repre-
sents an increase in the complexity of ecosystem processes and
pressures that must be considered by managers. There is now

widespread agreement that the management of fisheries and
marine resources must be ecosystem-based. This is because al-
though the maintenance of target stocks has long been the
primary management goal for fisheries agencies, non-target stocks
and the broader ecosystem must also be maintained at acceptable
levels to achieve stock sustainability (Pikitch et al., 2004).
However, the “nuts and bolts” of implementing EBFM at large
spatial scales and across contrasting regions has generated much
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debate (Smith et al., 2007; Ray, 2011), and the rate of transition to
EBFM has generally been inadequate (Pitcher et al., 2009).

Documenting the status of marine habitats and biodiversity
and tracking changes in the “health” of such biological assets
over time are key activities in the EBFM process (Pikitch et al.,
2004). Marine ecosystems are both complex and dynamic, so
that measuring absolute changes in biodiversity, structure, or
function is often unrealistic and impractical. Instead, it is possible
to employ a suite of ecological indicators which can be used to
track the health of the overall system or specific resources. In
this way, indicators act as early warning systems of environmental
change (Niemi and McDonald, 2004). In this case, indicators are
often “surrogates” for another measure (most commonly bio-
diversity, but also measures of ecosystem function, community
structure, or productivity) that is either impractical or too costly
to quantify in absolute form (e.g. Oliver and Beattie, 1996;
Olsgard et al., 2003).

The choice of methodology and sampling design employed to
measure ecological indicators has implications for the effectiveness
of all monitoring efforts (Hewitt et al., 2001; Langlois et al., 2010).
The range of sampling tools and techniques available for marine
research has rapidly increased in recent years, following wide-
spread advances in underwater technologies. Traditionally, sam-
pling for long-term subtidal monitoring has been conducted
either by scuba divers (e.g. Dayton et al., 1984) or by deploying de-
structive sampling equipment, such as trawls and grabs (e.g.
Blomqvist, 1991). More recently, remotely deployed photographic
sampling (e.g. with towed video or drop-cameras) has been con-
ducted (e.g. Smale et al., 2010a).

The deployment of autonomous underwater vehicles (AUVs)
for mapping and sampling the deep-sea environment is a further
technological development. In recent years, AUVs have been
used to survey invasive pest species (Barrett et al., 2010), describe
benthic community structure at depths of .1000s m (Sherman
and Smith, 2009), examine coral mound morphology
(Grasmueck et al., 2006), and assess environmental impacts of
the Deepwater Horizon oil spill (Camilli et al., 2010). Within
the context of resource management, AUVs have facilitated
surveys of groundfish and their associated habitat (Clarke et al.,
2009), as well as sensitive coral-dominated habitats (Singh et al.,
2004; Armstrong et al., 2006). AUVs are emerging as highly effect-
ive tools for sampling marine environments, because they (i) are
untethered and can conduct non-destructive sampling in remote
marine habitats (i.e. under ice shelves, over untrawlable terrain,
and in depths .1000 m); (ii) can repeat spatial surveys to detect
change over time; and (iii) are fitted with a range of instrumenta-
tion to facilitate the simultaneous acquisition of a variety of phys-
ical and biological data. Here, we describe the use of an AUV for
conducting long-term monitoring of benthic habitats in temperate
Western Australia (WA) to support EBFM activities within the
“West Coast Bioregion” (as defined by the Department of
Fisheries, WA).

In temperate WA, coastal marine ecosystems are impacted by
fishing for targeted species such as the Western Rock Lobster,
Panulirus cygnus (Australia’s most valuable single-species fishery)
and Pink Snapper, Pagrus auratus. Widespread commercial and
recreational fishing activities have influenced trophic processes
(e.g. through the addition of bait, see Waddington and Meeuwig,
2009), population structure of targeted species (Langlois et al., in
press-a), and fish community structure (Watson et al., 2007).
Moreover, fragile habitats, such as some coral reefs around the

Houtman Abrolhos Islands, have been physical perturbed by the
deployment of lobster pots (Webster et al., 2002). Concurrently,
the most pressing environmental change factors influencing
marine ecosystems in WA are thought to include variability in
ocean currents (Gaughan, 2007), changes in land run-off (Lough
and Hobday, 2011), introduced marine pests (Sliwa et al., 2009;
Smale and Childs, 2012), and seawater acidification and warming
(Orr et al., 2005; Pearce and Feng, 2007; Wernberg et al., 2011a).
However, specific ecological responses to fishing and environmen-
tal change are not well known and the ability to predict (and miti-
gate for) changes in ecosystem structure is poor. A major
impediment to marine research is the lack of historical baseline in-
formation against which to detect change, and many regions along
the vast, remote coastline of WA are “data-poor” (Wernberg et al.,
2011a). However, the old, climatically buffered, infertile seascape
of southwestern Australia with its limited environmental hetero-
geneity (Langlois et al., 2012) has been shown to provide a
simple model system in which to investigate the impacts of
pressures.

Management of marine ecosystems in temperate WA is current-
ly shifting from a single species to an ecosystem-based approach.
To provide a framework for this transition, a decision-making/as-
sessment process has been developed by the Department of
Fisheries WA (Fletcher et al., 2010) which defines assets that
must be considered for ecosystem-based management.
Environmental, ecological, social, and economic assets associated
with the marine ecosystems of WA are included in component
trees, and each asset has been assigned a risk rating to prioritize
management efforts and to identify knowledge gaps (Fletcher
et al., 2010). However, to validate and (if necessary) alter individ-
ual risk ratings, information on the status of assets over time must
be collected and fed back into the component trees. Submerged
rocky reefs are key assets within the EBFM approach, as they
support rich and abundant assemblages of macroalgae, inverte-
brates, and reef fish (see Smale et al., 2011, for recent review).
Reef assemblages are highly productive and generate food and
habitat for economically important species such as the Western
Rock Lobster and Pink Snapper. To achieve a cost-effective ap-
proach to monitoring these assets, several key indicators that
capture the quality, extent, and composition of benthic habitats
have been proposed. These include the relative abundance of
warm and cool water habitat-forming species (e.g. reef-building
corals vs. canopy forming macroalgae), the spatial coverage of
species that may be particularly sensitive to ocean warming (e.g.
the brown macroalgae Scytothalia dorycarpa), and multivariate as-
semblage structure at coarse taxonomic levels (Smale et al., 2010a,
2011; Wernberg et al., 2011b)

Here, we report on the commencement of a monitoring pro-
gramme to quantify the structure of benthic habitats in temperate
WA. The goals of the monitoring efforts are to (i) improve the
understanding of natural variability in benthic assemblages, (ii) fa-
cilitate the detection of significant ecological change driven by, for
example, ocean warming, and (iii) generate time-series data that
can be used to validate and/or amend the risk ratings associated
with ecological assets identified through the EBFM process. To
achieve these goals, an AUV was deployed to conduct ongoing,
repeat sampling at two key locations. To our knowledge, this
represents the first application of the AUV technology for con-
ducting routine monitoring of benthic habitat indicators to
support EBFM. The work reported here also forms part of a na-
tionwide programme of AUV surveys of benthic ecosystems
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implemented as one of the biological components of Australia’s
Integrated Marine Observing System (IMOS).

Methods
AUV “Sirius”
Surveys were conducted with an AUV “Sirius”, which is operated
by the Australian Centre for Field Robotics (ACFR, University of
Sydney) and supported by the IMOS. The vehicle is a modified
Seabed class AUV, similar to that first described by Singh et al.
(2004) and recently detailed in Williams et al. (2012). The AUV
is equipped with a full suite of oceanographic instruments, includ-
ing a high-resolution stereo camera pair and strobes, multibeam
sonar, depth, conductivity, and temperature sensors, Doppler
Velocity Log including a compass with integrated roll and pitch
sensors, Ultra Short Baseline Acoustic Positioning System
(USBL), and a forward-looking obstacle avoidance sonar
(Supplementary ESM 1). Images were collected with a synchro-
nized pair of high sensitivity 12 bit, 1.4 megapixel cameras (AVT
Prosilica GC1380 and GC1380C; one monochrome and one
colour. The “flight path” for each AUV dive can be precisely pre-
programmed with a range of sampling designs, depending on the
purpose of the survey. For the current surveys, the AUV tracked
the seabed at an altitude of 2 m at a cruising speed of 0.5 m s– 1.
The AUV was capable of conducting dives of up to 3 h (limited
by battery-life) and three or four dives per day. The vehicle was
operated and deployed by a team of four scientists/technicians
from ACFR. All surveys were conducted during daytime, in
April 2010 and April 2011.

Survey locations and design
Long-term monitoring was established at two key locations along
the Western Australian coastline; the Houtman Abrolhos Islands
(“Abrolhos”) and Rottnest Island (“Rottnest”; Figure 1). These
locations have been identified as key indicator regions because of
their ecological sensitivity and socio-economic importance. The
Abrolhos Islands, 80 km off mainland Australia, form a remote
archipelago with only seasonal human habitation and are therefore
“relatively” not impacted by anthropogenic pressures (but see
Watson et al., 2007). The islands play a key role in Australia’s
biggest single-species fishery (Western Rock Lobster). At the
Abrolhos, patches of hard corals and Ecklonia radiata beds
coexist to form mixed habitats (Hatcher, 1985). This unusual
juxtaposition is primarily a consequence of the long environmen-
tal stability and the unique oceanography of the region. The
islands are situated within the main flow of the Leeuwin
Current, a geologically old, poleward flowing boundary current
which ameliorates ocean conditions and transports tropical organ-
isms and warm-water southwards (Smith et al., 1991; Pearce,
1997). As such, many temperate species, including E. radiata, are
found towards the northern “warm” edge of their ranges,
whereas many tropical species are found towards the southern
“cool” extreme of their distributions. The juxtaposition of corals
and kelps is thought to represent a useful early warning signal
for detecting ecological effects of increased seawater temperature
in the region (Smale et al., 2010a). Rottnest Island is a major
asset for tourism and recreational fishing in the region and sup-
ports a highly diverse and abundant marine life, which includes
warm-water fish and coral species at the southern limit of their dis-
tributions as well as extensive stands of the kelp, E. radiata. Kelp
bed communities may be sensitive to both local anthropogenic

impacts and longer-term physical forcing from seawater
warming and changes in storm patterns (Wernberg et al.,
2011a). Moreover, sensitive hard corals at both locations may be
particularly prone to physical damage from fishing practices,
such as the deployment of lobster pots.

The key objective of the sampling was to survey predominantly
rocky reef/coral habitat that could be established as “reference
sites” and revisited as a part of monitoring efforts. As such, sites
were selected based on bathymetry maps and existing knowledge,
to target moderate to high relief reef (i.e. with vertical extent of
topographic features .1 m) rather than low-lying, low-
complexity reef platforms. The Abrolhos support a unique and
diverse array of marine organisms and assemblages and represent
the highest latitude extensive coral reef system in the southern
hemisphere (Hatcher, 1985). The islands also support extensive
stands of the kelp E. radiata, which represent the “warm”
extreme of its distribution. At the Abrolhos, three reference sites
were chosen to encompass both kelp-dominated (15 m Coral
Patches and 25 m Geebank) and coral-dominated habitat types
(15 m Geebank). At Rottnest Island, replicate sites were positioned
along a depth gradient, with two sites at 15, 25, and 40 m depth
(Figure 1). At Rottnest, the sites “15 m South” and “25 m
North” were positioned within a protected area (the “West End
Demersal Sanctuary Zone”, where all fishing activities on the
seabed are prohibited). This design, with fished and unfished
areas also allows for more accurate attribution of observed vari-
ation between fishing and other environmental sources of vari-
ation. Further site details are provided in Supplementary ESM 2.

Within each site, three replicate “grids” were initially surveyed
by the AUV in 2010. The submersible conducted a series of

Figure 1. Locations and sites sampled by AUV in 2010 and 2011.
The satellite map on the right indicates the locations of Rottnest and
Abrolhos along the Western Australian coastline, with an inset map
of the Australian continent. Expanded maps on the left indicate
approximate position of each reference site at each location.
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parallel, overlapping 25 m long transects, which covered a com-
bined area of 625 m2 of seabed (i.e. 25 × 25 m). Replicate grids
within a site were situated 50–200 m apart to encapsulate spatial
heterogeneity within each site and achieve spatial independence
(sensu Hurlbert, 1984). During the dive, the AUV captured over-
lapping geo-referenced stereo images of the benthos, as well as
multibeam data at two resolutions and physiochemical data (tem-
perature, salinity, light, chlorophyll). The only exception was the
“25 m Geebank” site at the Abrolhos, where only one grid on suit-
able hard substrata was surveyed. In 2011, the AUV resurveyed
(usually) three or (in a few cases) two grids at every reference
site (Supplementary ESM 2). The only exception was again the
“25 m Geebank” site at the Abrolhos, which was relocated to
more suitable substrata for long-term monitoring and, as such,
the previously surveyed grid was not revisited. Finally, in situ
loggers were deployed at the monitoring sites by scuba divers to
obtain continuous temperature readings (every 30 min).

Post-processing and analysis
Over 1000 geo-referenced stereo image pairs were collected at each
grid within the reference sites. Stereo image pairs were stitched to-
gether to generate composite “meshes” of the entire 25 × 25 m
patch of seabed (see Johnson-Roberson et al., 2010, for procedural
details). These meshes provided a complete overview of each ref-
erence site and were used to assess broad-scale ecological structure,

such as kelp canopy cover and coral bleaching (Figure 2). For this
study, individual high-resolution images (each capturing �1.5 ×
1.0 m of seabed) were subsampled from each grid to quantify all
taxa .50 mm in size using the standard image analysis techniques.
Subsamples were selected at 20 s intervals from each AUV dive, to
generate a sample set of 101–129 non-overlapping images that
maximized spatial coverage of each grid. In this way, benthic as-
semblage structure was characterized at 28 grids spread across
nine reference sites by analysing �5200 high-resolution images.
Representative images of the common assemblage types are
shown in Figure 2.

For image analysis, 50 random points were digitally overlaid
onto each sample, and the number of points covering each
benthic category was counted (using CPCe software, see Kohler
and Gill, 2006). This value was then doubled to give a proxy of
per cent cover. Forty benthic categories (Supplementary ESM 3)
representing flora, fauna and substratum characteristics were
determined a priori based on previous research (Smale et al.,
2010a) and used to classify each image. Care was taken to
include conspicuous species of considerable ecological import-
ance, such as the canopy-forming brown algae E. radiata and S.
dorycarpa, while also using functional/morphological groups to
achieve a broad, holistic approach to describing the benthos.
Bleached coral was considered “alive”, but additional information
on the spatial extent of any bleaching was recorded. It was evident

Figure 2. Representative meshes of 25 × 25 m grids sampled at (a) Abrolhos and (b) Rottnest, showing both coral- and kelp-dominated
benthic assemblages. Individual images are representative of assemblages dominated by (c) kelp, (d) sessile invertebrates, and (e) hard coral
(including bleached corals). Individual images captured �1.5 × 1.0 m of seabed.
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from the images that the methods were inappropriate for sampling
mobile fauna (i.e. echinoids, gastropod molluscs), which generally
have low abundances and highly patchy distributions, and utilize
cryptic habitats (i.e. reef ledges and crevices) in WA (Vanderklift
and Kendrick, 2004). Therefore, mobile invertebrates—which
were markedly low in abundance—were excluded from the ana-
lysis, and assemblage composition was derived from macroalgae
and sessile invertebrates. However, in other ecosystems that are
characterized by less complex physical habitat structure and
higher densities of mobile invertebrates, AUVs have been shown
to sample this component of the fauna effectively (e.g. Barrett
et al., 2010)

Subsamples were pooled for each grid (means of 101–129 indi-
vidual images), and analysis of benthic assemblages was conducted
using the grids as spatially independent replicated units.
Assemblage structure at each reference site was quantified by cal-
culating the per cent cover of dominant benthic groupings. Plots
of mean per cent covers of dominant benthic categories at each
site were constructed to examine the variability between grids,
sites, and years, whereas the significance of differences between
years was tested with one-way ANOVA at each location. Data
from all sites were pooled and transformed as necessary to
reduce homogeneity of variance and improve normality. The
power to detect change in the per cent cover of dominant
habitat formers at the Abrolhos and Rottnest was also examined.
Here, means and standard deviations for dominant benthic
groups were used to calculate the power of a hypothetical monitor-
ing programme, where reference sites were surveyed biennially for
8 years (i.e. four subsequent sampling events, with current data
representing t ¼ 0). The likely power (a ¼ 0.05) from a simple
linear regression to detect changes in the cover (5–50%) of

dominant space occupiers at each depth stratum at Rottnest and
at each site at the Abrolhos was calculated using the method of
Dupont and Plummer (1998). The power calculations were per-
formed using the PS power and sample size programme
(Dupont and Plummer, 1998).

Finally, at each location, multivariate assemblage structure was
visualized with MDS ordinations, constructed from Bray–Curtis
similarity matrices based on square-root transformed per cent
cover data. Centroids in MDS plots represent averages for each
site, derived from two or three grids (except for “25 m
Geebank” in 2010, see above). Statistical differences in multivariate
assemblage structure between years were tested with ANOSIM
using Primer 6.0 software (Clarke and Warwick, 2001).

Results
In 11 days at sea, the AUV captured over 200 000 benthic images,
plus data on bathymetry, and a wide range of physiochemical vari-
ables which will form the basis of an ongoing time-series.
Crucially, using differential GPS, USBL, and image registration
technology, the AUV was able to relocate and survey the exact
same patch of seabed in both years. For example, comparison of
actual AUV flight paths for both years at an Abrolhos site indicated
very high spatial overlap between years (Figure 3). Similar spatial
overlap between years was observed at all reference sites (except
“25 m Geebank”, see Methods).

The Abrolhos were characterized by rich, mixed assemblages
dominated by both hard corals and large macroalgae. The “15 m
Geebank” site was dominated by hard corals (primarily with
branched, tabulate, and plate morphologies) which, on average,
covered �80% of the seabed (Figure 4). In contrast, the other
sites were dominated by macroalgae, particularly the kelp E.
radiata and red foliose algae (Figure 4). For all the dominant
space occupiers at the Abrolhos, variability in per cent cover
between years was minimal and no significant differences
between years were detected (Table 1). At the coral-dominated
“15 m Geebank” site, high levels of coral bleaching were recorded
in 2011. The per cent cover of bleached corals, derived from both
subsampled individual images and composite meshes, ranged
from 4 to 19% across the three grids surveyed at “15 m
Geebank”. In stark contrast, no coral bleaching was observed at
the Abrolhos in 2010 (Figure 4).

At Rottnest, E. radiata was the dominant space occupier at all
sites and depths (Figure 5) and covered over 50% of the entire
seabed surveyed at three sites. Although its relative dominance
decreased with depth, the areal coverage of E. radiata still exceeded
30% at 40-m depth. Other prevalent components of the benthic
assemblage included the large brown macroalgae S. dorycarpa,
red foliose algae, turfing algae, and encrusting coralline algae
(Figure 5). Within-site variability in the per cent cover of these
groups was generally low, although variability was markedly
higher at the deeper sites. For the dominant space occupiers E.
radiata, S. dorycarpa, red foliose algae, and sponges, variability
between years was very low and no significant differences
between years were detected (Table 1). For example, on average
the per cent cover of E. radiata varied by less than 7% between
years.

Likely power to detect change in benthic assemblages varied
among taxa, and in relation to variables such as depth. At the
Abrolhos, the monitoring programme would have adequate
power from simple linear regression to detect a 20% change in
the cover of E. radiata, a 35% change in branched corals, and a

Figure 3. Actual AUV flight paths at the “15 m Coral Patches”
reference site at Abrolhos during the 2010 (white) and 2011 (grey)
surveys. Each survey grid covered an area of 0.0625 m2.
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50% change in tabulate corals after 8 years (Figure 6). At Rottnest,
adequate power to detect a 20–25% change in the cover of E.
radiata was estimated for the 15 and 25 m deep reference sites,
whereas at 45 m depth, the monitoring would detect a 45%
change in cover of E. radiata. Intuitively, greatest power was esti-
mated for indicators with the highest mean values and lowest vari-
ability between replicate grids and years (i.e. E. radiata).

Multivariate community structure varied considerably between
sites at the Abrolhos, with each site supporting very distinct
benthic communities (Figure 7). However, variability between
years was minimal, and a one-way ANOSIM detected no signifi-
cant difference in multivariate assemblage between 2010 and
2011 (ANOSIM, R ¼ 0.00, p ¼ 0.95). At Rottnest, MDS ordin-
ation indicated a general shift in assemblage structure along the
depth gradient, with moderate variability between sites and years
(Figure 7). A one-way ANOSIM between year groups showed
that variability in multivariate assemblage structure between
years was not significant (ANOSIM, R ¼ 0.01, p ¼ 0.54), princi-
pally because variability within years (and within sites) was rela-
tively pronounced.

In situ temperature loggers showed that daily mean tempera-
ture ranged from �20 to 278C at the Abrolhos and 18–268C at
Rottnest during the 13 months of continuous observation
(Figure 8). Peak temperatures of 27.58C at the Abrolhos and
26.18C at Rottnest were recorded on 1 March 2011. Finally, tem-
peratures in May 2011 were �28C higher compared with those
recorded in May 2010 at both locations (Figure 8).

Discussion
The surveys described here are the first to be conducted by an AUV
system in temperate WA and represent the commencement of a
long-term monitoring programme that will inform EBFM in the
region. There were four key benefits of the application of the
AUV technology for sustained ecological observation. First, each
reference site is precisely geo-referenced and can be revisited by
pre-programming the flight path of the AUV. Second, each long-
term monitoring grid is surveyed at �100% areal coverage,

generating precise ecological information for each 625 m2 patch
of seabed. The amount of data collected allows small-scale patchi-
ness, which is pronounced in these ecosystems (Smale et al.,
2010b), to be accounted for, thereby facilitating monitoring of
community structure at relevant spatial scales (i.e. scale of
“patch”). Third, the AUV can resample the same specific organ-
isms over time, with minimal risk of causing physical disturbance
during the sampling procedure. This is particularly relevant to
coral reef monitoring, where tagged colonies are revisited by
scuba divers to monitor bleaching and mortality rates (Hill and
Wilkinson, 2004). This procedure can be time consuming, while
scuba divers may damage tagged corals and are severely restricted
by depth and time. Using an AUV, specific organisms can be
sampled over time at a range of depths, without the need to phys-
ically tag colonies beforehand and without the risk of causing
physical damage. Finally, the AUV collected a range of physio-
chemical data that can, over time, be related to biological structure
at fine spatial scales. For example, high-resolution multibeam data
could be used to derive secondary physical variables (e.g. rugosity,

Table 1. One-way ANOVAs on the per cent cover of major
benthic groupings at both locations, to test for differences between
years.

Abrolhos Trans. MS F1,13 p-value

Ecklonia radiata ln(x + 1) 0.14 0.03 0.852
Brown foliose algae ln(x + 1) 0.01 0.01 0.958
Red foliose algae ln(x + 1) 0.68 0.45 0.511
Branched corala ln(x + 1) 0.08 0.02 0.874
Tabulate coral ln(x + 1) 0.19 0.08 0.779
Plate corala ln(x + 1) 0.01 0.01 0.968

Rottnest Trans. MS F1,30 p-value

Ecklonia radiata None 50.15 0.35 0.555
Scytothalia dorycarpa ln(x + 1) 0.93 1.53 0.226
Red foliose algae None 28.10 0.62 0.434
Turf/encrust. algae ln(x + 1) 0.02 0.07 0.794
Sponges ln(x + 1) 0.03 0.06 0.805
aTaxa that did not pass normality tests after transformation.

Figure 4. Mean per cent cover (+s.e.) of benthic groups at each of reference site at the Houtman Abrolhos Islands, WA. Cover estimates are
means of two or three replicate 25 × 25 m grids within each site, for each survey year. For each grid, .100 individual images were subsampled
from complete meshes for detailed analysis. Note that at the “25 m Geebank” site, only one grid was surveyed in 2010 and the three grids
surveyed in 2011 did not overlap with the 2010 grid (see Methods).
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aspect, depth) that could explain small-scale variability in coral
bleaching. The data presented here were collected from the
shallow-water photic zone, to a maximum depth of �40 m and
within depths attainable by scuba divers and drop cameras.
Another advantage of the AUV technology, however, is the
ability to sample at greater depths with minimal additional cost
or effort. For example, similar AUV systems have been used to
survey benthic communities on coral mounds at 800-m depth

(Grasmueck et al., 2006) and groundfish to depths of 500 m
(Clarke et al., 2009). Although these benefits are not necessarily ex-
clusive to the AUV technology (other tools have precise
geo-referencing capabilities, for example), it is the combination
of these benefits and the efficiency and flexibility of sampling by
AUV that will facilitate sustained ecological observations.

The AUV is a powerful tool for assessing the quantity and
quality of benthic habitat for fisheries management, and far

Figure 5. Mean per cent cover (+s.e.) of benthic groups at each of reference site at the Rottnest Island, WA. Cover estimates are means of
two or three replicate 25 × 25 m grids within each site, for each survey year. For each grid, .100 individual images were subsampled from
complete meshes for detailed analysis.

Figure 6. Estimates of power to detect change in per cent cover of dominant habitat formers at each site at Abrolhos and each depth
increment at Rottnest. Power calculations are based on a simple linear regression of five biennial sampling events, with means and standard
deviations representing t ¼ 0 generated from the current survey data.
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exceeds the ability of other commonly used methods to obtain
large amounts of quantitative photographic data of the benthos.
For example, photographic samples have been collected previously
from submerged reefs in the region, by scuba divers (Bellchambers
et al., 2008), “drop” cameras (Smale et al., 2010a), and towed video
systems. In a single day in the field, a team of divers can typically
collect �400 individual (non-overlapping) images and a remotely
deployed “drop” camera can collect �700 images, depending on
weather conditions and sampling protocol. During the surveys
described here, the AUV collected .15 000 stereo image pairs
each day, a considerable increase in efficiency. Therefore, while
initial expenditure on an AUV is greater (an AUV suitable to
conduct the monitoring programme would cost a total of
�$300 000), there are considerable reductions in cost relating to
time at sea and personnel training (i.e. for scientific divers).
Conversely, additional costs relating to expertise needed to
operate the vehicle and maintenance may be higher than those
associated with the other methods and would need to be consid-
ered in any formal analysis of cost-effectiveness.

Benthic assemblage structure at the Abrolhos and Rottnest was
quantified to provide a benchmark against which to detect future
ecological change. The coexistence of coral- and kelp-dominated
assemblages at the Abrolhos and, to a lesser extent, Rottnest pro-
vides a rare opportunity to test ecological hypotheses related to
species interactions and oceanic warming, whereas the relative
dominance of these habitat formers may represent a useful early
warning signal for detecting ecological effects of seawater
warming (Smale et al., 2010a). Here, continued sampling at the
Abrolhos will have adequate power (.0.80) to detect ,35%
change in cover of kelps and branching corals (i.e. principally
Acroporids) over time. As such, the power of AUV sampling to
detect change in the cover of these key indicators bodes well for
effective monitoring of these sensitive and important habitats.

The AUV surveys detected high rates of coral bleaching (.10%
of the entire seabed area) at one of the Abrolhos sites 2011,
whereas no bleached corals were recorded in 2010. In early 2011,
most of the Western Australian coastline experienced a “marine
heat wave”, in that seawater temperatures were 2–48C higher
than normal for up to 8 weeks (Pearce et al., 2011; Smale and
Wernberg, 2012). Satellite-derived SSTs were the highest on

record (i.e. for 30 years), while in situ loggers recorded warming
anomalies of up to 58C in inshore waters (Pearce et al., 2011).
Over 2000 km of coastline was subjected to the warming event,
which was principally driven by strong La Niña conditions super-
imposed onto a decadal-scale seawater warming trend (Pearce
et al., 2011). At the Abrolhos, surface seawater temperature
peaked at 28.78C in March, which is �58C higher than the long-
term monthly mean for the region. Even at 25-m depth at the
Geebank monitoring site, seawater temperature exceeded 278C.
The high incidence of bleached corals was a direct consequence
of persistent seawater warming, and ongoing regular AUV
surveys will facilitate assessments of the longer-term ecological
consequences of the bleaching event. Understanding the levels of
resilience and rates of recovery of these coral assemblages will
become critically important, if, as predicted, the frequency and in-
tensity of short-term extreme warming events increases (Solomon
et al., 2007).

Figure 7. MDS ordinations, based on Bray–Curtis similarity matrices generated from square-root transformed per cent cover data, to indicate
assemblage structure at each reference site and each sampling year at Abrolhos (left) and Rottnest (right), WA. Each centroid represents the
average of two or three grids (25 × 25 m) sampled at each site (except “25 m Geebank” in 2010, see Methods). Low stress values (,0.1)
indicate adequate representation of multidimensional distance in the two-dimensional MDS plots.

Figure 8. Daily mean temperature at monitoring sites at Abrolhos
and Rottnest during 2010 and 2011. Temperature data were
collected (every 30 min) by in situ loggers deployed onto rocky reefs
at �25 m depth.
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At Rottnest Island, rocky reefs are dominated by E. radiata,
which decreases in cover with depth and consequently drives
depth-related changes in overall assemblage structure. Even at
40-m depth, however, the kelp was the dominant space occupier,
which highlights the importance of this primary producer in near-
shore benthic habitats. Crucially, the analysis of a large number of
subsamples (i.e. .100) at each grid generated realistic and precise
estimates of the per cent cover for dominant, conspicuous space
occupiers, which can be tracked over time to provide powerful
tests of ecological change. By monitoring at the scale of grid or
“patch” along a depth gradient, changes in kelp canopy structure
can be assessed. Given the possible interactive effects of seawater
warming and increased physical disturbance (through enhanced
storm frequency and/or intensity) on kelp beds and local biodiver-
sity (Wernberg et al., 2010, 2011a), observations at the spatial scale
of patch will be most appropriate in detecting the effects of climate
change in the region.

Rottnest Island was also affected by the 2011 marine heat wave,
with in situ measurements confirming temperatures were up to
48C higher (maximum ¼ 26.48C) than the long-term monthly
average (21.78C) for 20 weeks before surveys (Thomson et al.,
2011). Ecological observations attributed to the temperature
anomaly included restricted coral bleaching (Thomson et al.,
2011) and the possible enhanced recruitment of tropical fish
species (Pearce et al., 2011). No significant changes in the cover
of dominant space occupiers were recorded in the AUV surveys,
although, based on their distribution patterns, some cool-water
macroalgae species (e.g. S. dorycarpa) are thought to be useful eco-
logical indicators of seawater warming in the region (Smale et al.,
2010a; Wernberg et al., 2011b). However, as these species are not at
the “warm” extreme of their distributions at Rottnest Island, it
seems likely that they were able to tolerate the warming event,
and there is some evidence that marginal populations of cool-
affinity macroalgae further north did exhibit a response to
warming (D.A. Smale, unpublished data).

Indicators of ecosystem change derived from multivariate as-
semblage composition are often more sensitive to ecologically rele-
vant change than univariate indicators (Anderson and Thompson,
2004) and provide a more holistic view of ecological structure than
would be gained by targeting individual indicators species or taxa
(Clarke and Warwick, 2001). At the Abrolhos, differences in multi-
variate structure between sites were pronounced, with each refer-
ence site supporting very distinct assemblages. Interannual
variability was negligible, indicating that short-term variability
in benthic assemblage structure was minimal and providing a
robust “baseline” against which to monitor change. At Rottnest,
MDS ordination suggested a general shift in assemblage structure
along the depth gradient, which was driven by decreasing domin-
ance of E. radiata and greater occurrence of invertebrate taxa, such
as sponges, with increased depth. Over time, multivariate data can
be used to develop powerful statistical tools such as “control
charts” (Anderson and Thompson, 2004), which can be used to
inform resource managers of acceptable levels of natural variability
and to trigger an “alarm bell” on the detection of unacceptable
levels of ecological change. The detection of change could subse-
quently invoke various adaptation and mitigation strategies (see
Koehn et al., 2011, for further discussion).

Without long-term data, short-term natural variability can
mask chronic or cumulative impacts, often until critical levels
are reached (Hewitt et al., 2001). The necessity of long-term mon-
itoring for understanding ecological variation and processes has

been acknowledged for decades (Bernstein and Zalinski, 1983).
Monitoring for EBFM is essential because of the uncertainty
involved in predicting the response of ecosystems to particular
impacts or environmental change. Sustained AUV surveys at
these locations will facilitate greater understanding of temporal
variability in benthic community structure and population dy-
namics of key habitat-forming species, such as kelps and corals.
In the immediate term, sampling each year is desirable to deter-
mine the magnitude of interannual variability, but eventually sam-
pling frequency could be reduced or nested (e.g. Hewitt and
Thrush, 2007) to achieve cost-effectiveness while retaining suffi-
cient power to detect change. Ultimately, the monitoring pro-
gramme described here for WA will form part of a national
incentive to establish reference sites around the entire .25
000 km of coastline (Williams et al., 2012). This will facilitate
greater understanding of the ecological pattern and process in sub-
tidal habitats and provide better information for resource man-
agers on ecosystem responses to key drivers such as fishing and
climate change.

Supplementary data
Supplementary data are available at ICESJMS online.
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