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Figure 3. Oceanographic variables, obtained from CSIRO’s long-term observing station, driving reef
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Figure 4. Predictors of abundance-weighted species diversity. Species diversity (SDa) related negatively
to the abundance of Trachinops caudimaculatus abundance in the reserve and reference sites, and
positively to nitrate and silicate; see Appendix ii, Figures 1d and S1 for the y-axis dimensions of nitrate
and silicate concentrations.

Figure 5 Community weighted biological trait values calculated based on biomass. a, Proportion
herbivores kg™; b, maximum body length *** and c, thermal affinity kg™ biomass. Regression slopes
(dotted lines) and 95% confidence intervals (shading) are in colour when a significant difference between
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Figure 6. The log abundance, through time, of herbivorous fishes within the Maria Island marine reserve
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Regression slopes (dashed lines) and 95% confidence intervals (shading) are predicted from linear mixed
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sites (nD6) for the 20-year study period. Generalized linear mixed effects model results are in
Supplementary Table 3. Values were scaled before differencing.
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Executive Summary

Waters along Australia’s most densely populated south-east coast are warming at 3.8 times the global
average rate, the most rapid change in the Southern Hemisphere. Ecosystems in this region are therefore
likely to be severely impacted by climate change and significant biodiversity change is expected. The
rapid nature of these ecosystem changes requires science-based decisions about where, how and when to
apply adaptive management interventions. Well informed predictive models are needed to estimate likely
ecological changes and inform management actions such as spatial closures to protect vulnerable habitats,
translocation of key predators, or direct manipulation of abundances of threatening and or threatened
species. Our study addressed these challenges using a mix of long-term (up to 20-yr) monitoring records
of fishes, invertebrates and macro-algae in, and adjacent to marine reserves in the region undertaken as
part of University and/or State agency research programs. This was coupled with spatially extensive
species abundance data derived from the Reef life Survey citizen science program
(http://reeflifesurvey.com/) to examine past, and predict future ecological responses to warming,
including assemblage changes, kelp decline and predator-prey relationships.

In the initial phase of the study we focussed on examining temporal patterns in species abundance and the
relationship with physical drivers such as temperature. For many species there was no clear relationship
evident, as the time-series of observations were, as yet, generally insufficient through time to detect
relationships with changing environmental variables such as mean monthly temperature. The 20 year
dataset from Maria Island proved to be the most meaningful in this context, and could readily be matched
with oceanographical variables derived from a nearby CSIRO monitoring station. While few individual
species in this dataset could be clearly determined to be responding to climate signals through time, a
range of community level metrics did show significant trends when examined for the fish assemblage.
Signatures of a warming trend could be seen in metrics such as functional trait richness, and functional
diversity, reflecting increasing abundances of warm affinity species and species traits such as herbivory. It
is this latter trait that may have one of the largest initial impacts in the SE region of Australia, as, prior to
recent warming, herbivorous fishes were relatively rare in the cool temperate zone, thus their increasing
biomass may reflect a significant change in system function through time.

One notable feature was that in some metrics, such as thermal affinity, there was a differing response to
warming between the unfished sites in the Maria Island marine reserve and adjacent fished reference
sites. These differences reflect “resilience” of the reserve to some aspects of climate change. The primary
mechanism underlying this appears to be related to increased top down control of sea urchins within the
reserve (via lobster predation) reducing the extent of urchin barren formation that in turn provides habitat
for many warmer affinity species. The message from this is that MPAs can provide increased “resilience”
to climate chance effects, particularly when these are driven by an ecosystem engineer such as the Long
spined urchin Centrostephanus rodgersii. However, this resilience is context dependent, as in many areas
such lobster/urchin interactions may not be the primary drivers of ecosystem function on reefs, or where
they are, resilience can, and should, be enhanced in off reserve areas as well, by appropriate changes in
fishery management. Ultimately this management needs to be informed by long-term studies examining
differences between fished and protected areas at representative locations along our coastline, building on
existing studies to extend that time series over future years of warming.

In the second phase of the study we modelled the latitudinal species abundance curves of a wide range of
fish and mobile invertebrate species in order to identify the current shape of the curves and their
abundance centres, and use these distributions to predict both likely future distributions and the relative
contributions of individual species under possible climate change scenarios. The use of Reef Life Survey
(RLS) data was essential for this modelling, as existing data from MPA and reef health monitoring
programs was too sparse to identify both core abundance areas and the spatial extent of rarer abundances
in the tails of species distributions. In addition, in many cases, knowing the upper thermal limit of
distributions is important for refining models and examining likely losses at northern extent of ranges, and
the RLS dataset was unique in providing abundance data across that range. Overall, the modelled
distributions are invaluable for estimating the extent that some species will extend their central maximum
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abundance distributions into parts of SE Australia, or to the south of Tasmania and hence be lost, or
simply increase/decrease marginally in influence if the distribution has a long tail around a central peak.
The predicted likely emergent community at any location is clearly dependent on site (exposure regime
etc), likely temperature increase through time, and the time for communities to come to equilibrium.
Recent research suggests there will be a 2 deg C increase in temperature in the SE region by 2060, under
the A1B scenario of the IPCC (Oliver et al. 2014). Under that basis we can determine likely assemblages
based on our distribution data, and use that to inform discussions by the biological and resource
management community as to future adaptation options, both with respect to conservation and fishery
management outcomes. We have some confidence that our species distribution models are likely to
predict the general species distribution following warming, as an additional study undertaken as part of
this project determined that during the previous period of warming in this region, the range expansion of
many species closely tracked the climate warming velocity. That change was surprisingly irrespective of
individual species traits, such as dispersal capability via adult or larval movement.

The species distribution models predict significant changes in the assemblages of fishes and mobile
invertebrate species in the SE region, although for many regional species this change was not at an order
of magnitude level, and the influx of warmer water species meant that overall levels of diversity would
increase. Few species were predicted to be lost, and with one exception (the Real bastard trumpeter), all
were introduced species with a localised distribution. The major predicted change of consequence to
ecosystem function was a doubling of Centrostephanus abundance in eastern Tasmanian waters, and
extending to the south coast in significant numbers. This was coupled with a predicted decline in
Southern rock lobster numbers in this region (in the order of 20%), such that the key predator of
Centrostephanus will be declining at a time when increasing numbers are needed to arrest likely barren
formation.

Recommendations

1. It is recommended that long-term monitoring initiatives with national scale and consistency in
methods be continued/established/supported for providing the essential knowledge on rates and impacts
of climate change such that this can best inform adaptive management and the success of management
measures once implemented. In principle support for such initiatives via acknowledgement of this as a
priority area in marine policy development is an important first step.

Context: Long-term monitoring is essential for detecting and describing change, as well as informing
appropriate management responses, thus appropriate monitoring programs need to be in place for
informing adaptive management of temperate reef systems. Additionally, such monitoring needs to
involve MPAs as reference areas to understand the extent that fishing and other human activities interact
with climate change, such that off-reserve management may adapt to prevent adverse effects where/if
possible. Such monitoring could readily and cost-effectively include and build upon current
MPA/biodiversity/reef health programs in temperate WA, SA, Vic, Tas and NSW that utilize a common
methodology, and, based on existing MPA networks, provide a good spatial framework for detecting and
understanding regional trends, as well as national ones. As these programs are spatially isolated, and often
constrained to particular habitats, further monitoring by cost-effective programs such as RLS are essential
to adequately describe changing abundances over the ranges of key species, as well as documenting
changes in habitats and depths not adequately surveyed by current government based monitoring
programs.

2. It is recommended that the current MPA network in SE Australia form the basis of any regionally
based monitoring, with monitoring sites within MPAs matched by similar sites in fished habitats. This
framework will inform management of changes as they occur, and if significant differences arise between
fished and protected coastal regions, the extent that management adaptation via fishery related measures
may be effective in preventing change where this is seen to be adversely damaging to fishery or
biodiversity values.



Context: Well-established and adequately protected MPAs are an essential component of a monitoring
framework that untangles fishing and other human impacts from climate change, allowing magnitudes of
impacts and resilience to be determined and management options to be evaluated realistically against
“natural” benchmarks. While our evidence suggests no-take MPASs can provide resilience to change, such
resilience can take decade scales or more to establish, hence, MPAs need to be established with the long-
term reference and resilience goal in mind. Flexible “adaptive” MPAs are unlikely to be an option for
adaptive management due to the time required for resilience to develop. Additional “scientific reference”
MPAs are needed in SE Australia (and other regions in general) given that not all typical coastal reef
ecosystems are included, or adequately protected in the existing framework throughout the region, hence
adaptive management may not be adequately/fully informed by the current configuration.

Specific reference areas of significant value to such a monitoring program are Jervis Bay Marine Park
Batemans Marine Park (NSW parks), Cape Howe Marine National Park, Point Hicks Marine National
Park, Wilsons Promontory Marine National Park, Bunurong Marine National Park, Port Phillip Heads
Marine National Park (Vic), Kent Group Marine Nature Reserve, Governor Island Marine Nature
Reserve, Maria Island Marine Nature Reserve, Tinderbox Marine Nature Reserve and Port Davey Marine
Nature Reserve. All these areas have no-take areas suitable for a reference role, existing long-term data
and monitoring available (at least a minimum of ten years for most) and adjacent fished habitat that is
representative of the coastal region and is also monitored as part of existing programs. Their spacing
within the SE region of Australia is at approximately 100km scale, giving a good regional spread to both
represent regional variability in ecosystem function, and latitudinal gradients in biogeographical trends,
including the current and future range of species. The main significant gaps include far NE Tasmania
where a monitoring location is needed to maintain the 100km regional scale of observations, and exposed
coast reef systems at Jervis Bay that are under-represented in the current monitoring program. Monitoring
must occur at these spatial and biogeographical scales if changes are to be detected (including species
range changes and ecosystem changes) and this knowledge interpreted in the context of regionally
specific system function. The data collected needs to be informative of changes in the variety of species
that represent biodiversity, key fishery species, key system drivers and key impacts of system change.
Hence, it needs to be comprehensive in species coverage and include habitat forming species such as
macroalgae and endemic species at risk of loss. The current methodology in use for MPA and reef health
monitoring in the temperate Australian states is appropriate to this task and provides a sound baseline
from which to detect further change. Ideally such monitoring would occur on an annual basis to establish
baseline variability, however, recognising that resources are limited, such monitoring would need to be at
a maximum of five year periods to allow for temporal trends to be detected and reported as part of an
integrated reporting framework incorporating climate change metrics into the State of Environment
reporting. To provide improved range edge detection within the 100km scale of MPA related surveys,
additional surveys at regular spatial scales (ten km scale) undertaken by Reef Life Survey or state
agencies would also need to be undertaken at 5 year time scales. Reporting metrics include the velocity of
species movement, loss of endemic species within their range, changes in key ecosystem species such as
urchins and lobsters, and habitat metrics such as kelp cover and algal diversity. Ideally reporting would be
guided by the a regional management group (Recommendation 3) and on the basis of a national standard
database for sharing data across jurisdictions, with funding from all agencies involved in climate change
adaption and State of Environment reporting.

The extent that MPAs can further contribute to climate change adaptation as a management response to
protecting biodiversity in their own right depends upon the extent that off-reserve resource management
can adapt quickly enough and sufficiently to counter negative impacts such as Centrostephanus barren
formation, via reestablishment of essential ecosystem function. Ultimately this is a policy/social/ political
issue that can only be informed by adequate monitoring such as that arising from the focus on Maria
Island over the past two decades.

3. It is recommended that given recent predictions indicate warming will continue rapidly in the SE
over the next 50 years, a regional committee with representation by fishery/conservation management and
research be established to review changes documented by monitoring programs and predictions, and to
develop and coordinate adaptation responses, (both management and research).



Context: Species distribution models are now available for a wide range of temperate reef species, along
with future temperature predictions. The overall intersection with predicted species abundances and the
community structure that follows after warming is something that requires further expert evaluation,
establishment/refinement of conceptual models, and on-going discussions about the overall implications
and potential for adaptive management. A workshop will be held following the completion of this study to
begin this process, but it will need to be an ongoing one over the remainder of this century, and a clear
recommendation is that a regional committee be established and meet regularly to review new information
as changes evolve, and to examine potential adaption options for resource managers. If, as the predictions
of Oliver et al. (2014) are correct, and we can expect a further 2 deg C increase in SST in inshore waters
of SE Australia within 60 years from now, our models suggest many Tasmanian endemic species will
contract their range to southern Tasmania or be lost entirely. The overall community structure in NE
Tasmania will also be vastly different with assemblages dominated by many “typically” southern NSW
species and the likelihood that Centrostephanus barrens will be widespread. Our initial workshop,
examining possible management options, indicated there were very few clear options available for
management. For endemic species at risk of loss for example, the Tasmanian Government is unlikely to
be able to deal with a small subset of the range of terrestrial species, much less marine species that might
need to be maintained artificially in aquaria. For protection against widespread habitat loss via
mechanisms such as Centrostephanus barren formation, rebuilding of natural predator stocks is one of the
few clear options, and this is currently being implemented by management via changes to lobster fishing
effort. Monitoring of the effectiveness of this, and future adaptive measures, will be a critical part of the
evaluation and feedback process.



Introduction

Waters along Australia’s most densely populated east coast are currently warming at 3.8 times the
global average rate (Hobday et al. 2007), the most rapid change in the Southern Hemisphere. As this
regional warming is predicted to continue throughout the 21* century (Oliver et al. 2014), ecosystems
in this region are likely to be severely impacted by climate change, and significant biodiversity
responses are expected. These changes are expected to be widespread, influencing both our fishery
and our biodiversity assets, and likely require informed management responses from fishery and
conservation management alike, at least in circumstances where adaptive management responses are
available. Significant climate mediated changes have already become apparent in locations such as NE
Tasmania, where the Long-spined urchin Centrostephanus rodgersii has extended its range following
warming of over 1 deg C in this area since the late 1970’s (Johnson et al. 2011, Last et al. 2011), with
these barren areas causing a substantial decline in the productive algal communities that support
import and inshore fisheries such as Southern rock lobster and abalone. The barren areas also cause a
significant loss of biodiversity, at least at the scale of the barrens (Ling, 2008), a loss that will become
increasingly significant if barrens increase to the extent that they are found in NSW within the central
part of their distribution. In that area barrens form up to 50% of rocky reef systems between 5-20m
depth (Andrew and O’Neil, 2000). Current studies in NE Tasmania have found that barrens constitute
approximately 5% of rocky reef cover at depths between 15-50m, with these extending substantially
deeper than those found in NSW (Perkins et al, in review). That increased depth distribution is of
significant concern, as it means such barrens may impact over a significant area of the reef systems
that currently support the lobster fishery in this region, and into the high biodiversity sponge-garden
habitats, previously thought to be relatively immune to loss through barren formation.

The rapid nature of likely ecosystem changes will require science-based information to inform
decisions about where, how and when to apply adaptive management interventions. Clearly
monitoring of on-ground changes as they occur is one approach to providing this information, and
monitoring programs are underway at a wide range of locations throughout temperate Australian
waters. A clear need exists to continually observe temperate reefs in our region to provide the
necessary feedback for management agencies to both detect and understand the nature and magnitude
of changes occurring, to develop adaptive management strategies to respond to changes as they occur,
and to monitor the success of such strategies. Having an appropriate monitoring strategy in place is
indeed an adaptive strategy in itself. Given that such monitoring programs can be expensive, and are
currently often targeted at different outcomes (such as MPA management) they need to be refined
with respect to providing cost-effective yet robust detection of biotic responses to climate change.
Fortunately, several monitoring program are underway in the temperate Australian waters, allowing
evaluation of the benefits that they provide for informing climate mediated patterns. While they are
not specifically funded for (or focussed on) informing climate change adaptation, the time series they
provide is ideal for detecting temperature-mediated responses. At the habitat and biodiversity level
they are often associated with monitoring of Marine Parks (e.g. Barrett et al. 2007,2009 for Maria
Island, Barrett et al. (1998-Port Davey), Barrett et al. (2005-Jervis Bay), Edgar et al. (2005-Jurien
Bay), Edgar et al (2005-Encounter Bay, SA), e.g. Edmunds et al. (2004-an example of many Victorian
reports), or on understanding overall reef health (Turner et al. (2008) and Collings et al. (2008) for
South Australia, Edgar et al. (1997) and Stuart-Smith et al. (2008, 2011) for Tasmania). The marine
park focus has been ideal for untangling climate responses from those due to fishing pressure, and the
potential interaction between the two factors.

In more recent years, a move towards more community engagement has led to the establishment of the
Reef Life Survey program, that has provided a framework for regularly monitoring coastal locations in
temperate Australian waters ranging from the Abrohlos Islands in WA through to the Solitary Islands
and Lord Howe Island in NSW
(http://reeflifesurvey.com/files/2013/11/RLSF_AnnualReport_2013_WEB.pdf). This program has
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already quantified a number of climate related changes of concern to the broader community,
including coral bleaching and kelp loss at the Abrohlos as part of the marine heatwave
(http://reeflifesurvey.com/files/2013/11/RLSF_AnnualReport_2013 WEB.pdf), coral bleaching at
Lord Howe Island (Edgar et al. 2010) and Centrostephanus barren formation at Beware reef in NE
Vic (http://reeflifesurvey.com/files/2013/11/RLSF_AnnualReport_2013_WEB.pdf). Finally, such
monitoring programs, capable of tracking climate responses through time series, have been
supplemented by one-off studies that describe current patterns and/or biological interactions that
produce these patterns, such as the Centrostephanus study of Johnson et al (2005) in NE Tasmania,
which described the distribution of barrens as well as, through transplant experiments with lobsters,
the possible mechanisms by which barrens may be restored to kelp communities.

While ongoing monitoring and process studies are a critical component of adaptive management, if
we are to make informed decisions about likely future changes, the development of predictive models
is the other essential approach to ensuring management is well informed of likely future change.
However, such biologically-based models often have high uncertainty when extrapolated into new
conditions, as do the matching physical Climate Change scenario models (e.g. Oliver et al. 2014).
Despite this, unless protocols for tracking and predicting ecological changes are well informed, the
remote nature of marine habitats, with associated difficulties and expense when mapping biodiversity
assets, will inevitably translate to sub-optimal management interventions. For example potential
management interventions could include targeted spatial closures to protect vulnerable habitats,
targeted translocation or rebuilding of stocks of key predators, direct manipulation of abundances of
threatening and or threatened species. Such interventions have already begin in SE Australia,
including the protection of Blue grouper in Vic waters as a potential urchin predator
(http://www.dpi.vic.gov.au/fisheries/recreational-fishing/catch-limits-and-closed-seasons/marine-and-
estuarine-scale-fish/Blue-Groper) and measures to rebuild lobster stocks in NE Tasmanian waters
(http://dpipwe.tas.gov.au/sea-fishing-aquaculture/commercial-fishing/rock-lobster-fishery/east-coast-
catch-cap), again, as a measure to rebuild predator numbers to keep Centrostephanus urchin numbers
under control. Undertaking such significant interventions need to be based on the best possible
information, to ensure that any predictive models are well supported by proven quantitative
relationships.

Our project addresses these challenges using Australia’s south east coast as a focus, as it is the region
of greatest change and hence under the most imminent threat. Using the longest available worldwide
(20-yr) ecological reef data record of fishes and mobile invertebrates in, and adjacent to, marine
reserves (from the Long-Term Temperate Reef Monitoring Program, LTTRMP), we identify
thresholds in ecological responses such as significant assemblage shifts, potential kelp decline,
predator-prey relationships and the resilience of natural systems to climate mediated change. The
LTTRMP data is matched with similar data obtained by the Reef Life Survey program, that while
lacking extensive temporal replication, provides a broader spatial coverage that compliments the more
clumped LTTRMP survey data outside of Tasmanian waters. Together, these datasets allowed species
distribution models to be developed, based on quantitative data that often extended over the entire
distribution of species ranges. These distribution models are subsequently used to predict likely future
distributions based on relationships with current temperatures at each survey location, and predicted
future temperatures under a central CC scenario (from Oliver, et al. 2014). From that, likely future
assemblage structures are identified with respect to increases or decreases in species abundances at a
range of latitudes throughout the SE region, along with likely major system function shifts.

Future species distributions based on models derived from current thermal envelopes alone, run the
risk that many species may not track the rate (velocity) of warm water expansion southward, with
species characteristics (traits) such as limited adult and larval dispersal potentially restricting rates of
migration and hence producing lags in thermal responses. We therefore examined these relationships
to examine whether our future predictions needed to be adjusted to account for such lags. We also
examined the extent that relatively sparse survey data in the tails of species distributions can influence
Species Distribution Models (SDMs) and current estimates of range expansion, the importance of
abundance data vs presence/absence data, and how these factors could be accounted for in models. In
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addition, we examined and developed statistical solutions for dealing with the non-perfect knowledge,
error and bias associated with citizen science and similar datasets, that are often clumped, and contain
artefacts relating to data from individual divers that ideally need to be detected and accounted for
within descriptive models.

These outputs, combined with future climate scenarios, will empower state management and NRM
agencies with improved capacity to build ecosystem resilience through spatial management actions.
The project was funded via DCCEE and its agent FRDC and therefore specifically addresses three
National Climate Change Adaptation Research Plan (NARP) priority questions by: (3.1) identifying
priority ecosystems and species most vulnerable in this globally significant warming hotspot; (2.1)
identifying vulnerable inshore reef species of commercial fisheries importance (including Southern
rock lobster, abalone, and temperate wrasses) and priority locations for adaptive management; and
(3.2) clarifying management benefits from one intervention strategy — MPAs — for enhancing
resilience of temperate ecosystems.

The approach to these priority NARP questions was to (1) quantitatively relate spatial and temporal
variation in the distribution of inshore species to key oceanographic metrics of climate variability
using a uniquely long marine species record collected along Australia’s east coast, and matching
spatial data from Reef Life Survey; (2) develop predictive models of the sensitivity (and hence
potential impact) of temperate reef marine biota to exposure from scenarios of climate variability and
change; and (3) identify appropriate adaptive strategies to minimise impacts of change on inshore
temperate biodiversity, with particular emphasis on species of importance to the commercial and
recreational fishing sectors.

Through collaboration with government agencies, the ultimate aim of the project is to provide the
necessary biodiversity level information necessary to develop climate change strategies within
management frameworks, thereby enhancing local adaptation to climate change. In the initial phase of
the project a workshop was held with management agencies and stakeholder groups to introduce the
project and to explore the possible range of management options available to respond to climate
change in the marine environment, and it is proposed that a follow-up workshop be held to discuss the
extent that the results of this study may further inform these management strategies.

Objectives

1 To collate and analyse the long-term marine ecological data records for southeast Australian
reefs and use these to quantitatively describe relationships between species’ distribution and
abundance and changes in ocean temperature, salinity and EAC position as key drivers of climate
change;

2 To identify optimal locations and species for monitoring programs (including Reef Life
Survey — a cost-effective, ecological monitoring program using trained recreational divers —and
comparable agency-based programs) to best inform adaptive management via delivery of up-to-date
relevant information;

3 To assess the costs and benefits of existing temperate Marine Protected Areas for
biodiversity-conservation management in response to CC and evaluate the robustness of adaptive
management frameworks given uncertainty in predictions; and

4 To develop models that quantify and predict the impacts of climate change on inshore reef
communities of fishes, invertebrates and macroalgae across the southeast Australian region so that
potential responses to change can be identified, considered and developed appropriately.
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Report Structure

The nature of this study involves a number of substantial cross-overs between the four key objectives
with respect to the individual analyses undertaken, which often inform a number of objectives. In
addition, the research undertaken here was leveraged through collaborative studies involving co-
investigators on related projects such as the Springboard program, and PhD projects. As these studies
were prepared as research papers for publication, and some have currently been published, they are
attached in the appendices rather than appearing in the body of the report, and will instead be referred
to where appropriate in the results and discussion. The body of this report is therefore broken up into
an objective specific approach, allowing the applicable components of each study to be referred to,
discussed and built upon, without including all the content in each individual section.

For example, Objective 1 focussed on quantitatively describing relationships between species
distributions and abundances, and changes in ocean temperature, salinity and EAC position as key
drivers of climate change. This work was informed by the Sunday et al. (Appendix ii) study
examining climate velocity vs rate of species migration, and provided the grounding that allowed us to
understand the direct nature of coupling between ocean temperature and species distribution. It was
also informed by the study of Bird et al. (2013) that examined the statistical issues associated with
various forms of biological data available to make predictions on species distributions, and how to
deal with these. The study of Bates et al. (in review) complimented that by simulating patterns in
empirically derived assemblage range shift data from two regional-scale (100s km) field studies, one
on Western Australian Kelps (Wernberg et al. 2011), and the other on SE Australian fish species
(from the database assembled for this report). This work found that even with a well-designed
sampling regime, accurate estimation of range edges are difficult to obtain for many species, due to
the often sparse nature of data from these edges. One way of dealing with that is to apply time-to-
extinction models to spatial distribution data to provide species-specific confidence limits for range
edges. Ultimately, this informed the study by Bates et al. (2013) that examined the extent that physical
drivers related to climate change have influenced species distribution, abundance and diversity within
the Maria Island region of Eastern Tasmania, as a case study of climate driven changes in diversity.

Overall, the results/discussion component of the report is divided into four main sections that deal
with each of the key objectives individually, followed by a broader summary of the implications and
recommendations. The methods section shown here, gives a broad overview of the approach taken to
individual components of the study, however, the more detailed description of the methods supporting
each of the individual studies that make up this report is found within each study description in the
appendices.

13



Methods

Methods for Objective 1: To collate and analyse the long-term marine ecological data
records for southeast Australian reefs and use these to quantitatively describe relationships between
species’ distribution and abundance and changes in ocean temperature, salinity and EAC position as
key drivers of climate change;

Datasets: Central to the project is the spatial and temporal analysis of a globally unique dataset
compiled by the Investigators since 1992, involving quantitative surveys of reef fishes, macro-algae,
coral, urchins, abalone, rock lobsters and other macro-invertebrates at more than 600 sites off
southeast Australia. The survey methodology involves quantitative counts of the abundance and size
distribution of fishes on four replicate 500m? transects at 5 to ten metres depth at each site. These are
matched by four 50m? quantitative counts of the abundance of mobile invertebrate and cryptic fish
species. Algal quadrats are replicated twenty times along these transects, with the percentage cover of
each algal species recorded under 50 points within a 0.25m? quadrat. A more detailed description of
this methodology is given in Edgar and Barrett (1997).

Data include long-term series at MPAs along the latitudinal gradient from NSW to southern
Tasmania, undertaken as part of the Long Term Temperate Reef Monitoring Program (LTTRMP).
The survey locations of these time series include (Jervis Bay 1996-2012, 12 annual surveys, 30 sites
in fished and protected zones repeatedly studied; Lord Howe Island 2006-2012, 5 surveys, 33 sites;
Batemans Bay 2005-2012, 7 surveys, 36 sites; Cape Howe 2001-2010, 5 surveys, 12 sites; Wilsons
Promontory 1999-2002, 4 surveys; 28 sites; Port Phillip Heads, 1998-2009, 8 surveys, 15 sites; Kent
Group 1992-2012, 9 surveys, 20 sites; Bicheno 1993-2012, 11, surveys, 8 sites; Maria Island 1992-
2012, 24 surveys, 12 sites; D’Entrecasteaux Channel 1992-2012, 23 surveys, 7 sites; Port Davey
1993-2012, 10 surveys, 30 sites). This represents the longest ecological monitoring record worldwide
designed to contrast marine community changes within no-take zones in a regional MPA network with
controls at typical fished locations. For analysis of broader spatial patterns, a range of extra sites that
utilise this methodology were also available throughout this region, including more than 100 sites
around Tasmania surveyed as part of bioregional biodiversity surveys (Edgar et al. 1997) and reef
health studies (e.g. Stewart-Smith et al., 2008, 2010).

In addition, an extensive number of extra survey locations have been surveyed by the Reef Life
Survey (RLS) program between southern Queensland and southern Tasmania. The RLS program was
initially funded by a CERF major project grant, and has subsequently been supported by a range of
grants, including ARC and NRM-based funding. This has allowed sites to be actively targeted in
locations not otherwise covered by the long-term monitoring programs, thus filling in the spatial gaps
between long-term monitoring sites. Major locations surveyed include Morton Island (Qld), Cape
Byron, the Solitary Islands, Port Stephens, Sydney Harbour, Eden, Cape Howe, Beware Reef (Vic),
Port Philip Bay, in addition to an number of locations in-between. The combined distribution of sites
included in this project and subsequent analysis is shown in Figure 1. The RLS methodology is
essentially a subset of the LTTRMP protocols, with replicate fish transects at 250m? instead of 500m?,
identical mobile invertebrate transects, and with algal quadrats instead replaced by photoquadrats
taken every 5m along each 50m replicate transect. This latter approach limited our ability to combine
algal datasets other than for the few dominant cover species, and as subsequent modelling needed the
full distribution of sites to obtain good species distribution models, analysis of algal species
distributions was not pursued further. Sites surveyed by the LTTPMP and RLS are shown in Figure 1.

Both the LTTRMP data and the RLS data were transferred into SQL databases as part of this project,
with this being a significant task and a significant outcome. This database has allowed multiple
datasets to be merged in one accessible location, and to be readily queried through a simple front-end
linking to an Excel pivot table function. Related tables in the database allow individual species
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characteristics to be recorded and used in subsequent analysis. These include a range of life-history
traits such length-weight relationships (body size), dietary group, range, depth distribution, larval
dispersal, adult mobility etc). Many of these were derived from Fishbase, and where they could not be
sourced for an individual species they were taken from the nearest species or genus.
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Figure 1. Sites surveyed by the LTTRMP and RLS surveys between 1992 and 2013. Does not include
additional sites surveyed by the Victorian MPA monitoring program (identical methods) or the South
Australian reef health survey (identical for fish and mobile invertebrates) that further increase the
spatial coverage in those states.

Physical data from which to derive climate-based relationships within models, were derived from a
range of sources. The first of these was the CARS dataset of CSIRO and Geoscience Australia that
provides a 0.1 degree gridded dataset of a range of averaged physical parameters, including nutrients,
salinity and a range of temperature derivatives. However, this dataset is a static one, so cannot provide
temporal data from which to determine time-based relationships, and is also based on offshore data
that is often remote from our inshore sites. Our second available dataset was the BLUEIlink reanalysis
(BRAN) ocean temperature and salinity data available from 1992 to 2008 on a 1/10 degree (~10km)
grid. This dataset takes available satellite derived data (with gaps due to cloud formation, etc.), and
using a model-based approach, recalculates expected daily means such that each grid point has a daily
value, with no missing datapoints. A significant component of our initial work on this project (a six
month position) involved an oceanographer (Andre Belo Couto) matching the nearest neighbour grid
data from BRAN for each of our survey sites and developing a range of physical products that could
be used to explain patterns in the biological datasets. These include daily values, and monthly,
seasonally and yearly averages maximum and minimums. This was primarily for temperature, as
nutrients are not available from satellite data.

Subsequent to this analysis, a postdoc on a related project (supervised by CI’s Holbrook and Barrett),
developed an approach to apply a coastal correction to BRAN data (derived offshore) such that it
more realistically matches true coastal conditions (Oliver et al. 2014). This data has been used in all
model development relating to the species distribution component of this study. It is available upon
request for other researchers, but as it is derived from BRAN, a CSIRO product, it can’t be accessed
automatically from a repository such as AODN at this stage.

For analysis of the long-time series of data available at Maria Island and vicinity, additional physical
data was derived from the nearby Maria Island monitoring station maintained by CSIRO. At this
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station monthly records of temperature, salinity, nutrients and chlorophyll have been collected since
the late 1940’s, allowing close coupling to be made between physical and biological patterns in this
region. That dataset had the additional advantage of extending a time series past 2008, the nearest
time point available from the BRAN at the time. An updated BRAN (version3) has just been released
(March 2014), but was available too late for this study.

Time series analysis. Correlations between biological and physical drivers: A range of methodologies
were explored by both our initial postdoc (Maria Beger) and our subsequent postdoc (Craig Syms) to
explore possible correlations between patterns in the physical and biological data. It was determined
that in all but the SE Tasmanian datasets, even using the data from species with the greatest
abundances and likely temporal patterns, the available time series was either too short or sufficiently
punctuated by gaps in years where surveys were not undertaken, to be able to develop models that
showed a statistically valid trend. Subsequently, the SE dataset became the focus of this work. Our
initial approach for this was to use a Generalized Model to isolate different scales of temporal change.
This involved fitting a smoother of 10 years, and smoothed 5 year, and annual deviations from the 10
year mean with the aim of minimising collinearity and decomposing the series into different windows
of trends. Lags between biological and physical data were compared at different time intervals, from
annual cycles up to years on a 3 month smoother. This because there is likely to be a window over
which fish can recruit and grow through to a size that they are observed on surveys. A range of
windows were examined to find the best resolution. Latitude, Longitude and their interaction were
also used as spatial predictors. As each site was likely to have its own peculiarities, site was included
as a random effect — so this is a random intercepts model. Additionally, as fish can be long-lived, an
autoregressive term (AR1) was also included to take this into account and not overestimate the site
effect. Only those sites that had a long enough time series for lags to be calculated were included in
the analysis. Species selection was based on occurrence (number of sites) on the condition they were
not exclusive to one area as this would have caused problems with estimating the correlation with the
range of BRAN data. While this approach provided models that describe the variability in the data, no
clear pattern was found in individual species relationships with the temperature signal.

As most datasets were found to lack the temporal continuity necessary to find correlations with
climate signals, the last part of our research into these patterns focussed exclusively on the long time
series available for Maria Island and adjacent coastline where data was available on an annual basis
over a twenty year period, with additional sampling on a six monthly basis during some time steps.
This was able to be related to physical data derived from the CSIRO monitoring station located nearby
(as discussed above). The analysis is described in detail in Bates et al. (2014) and in Appendix ii, but
essentially related to examining trends in several fish species abundances (restricted to short lived
species such as the Blotch-tailed hulafish Trachinops caudimaculatus and the Toothbrush
leatherjacket Acanthaluterus vittiger) most likely to show climate driven signals due to the lack of
intergenerational storage in their populations. In addition, a range of community metrics on the fish
assemblage were also examined, including average temperature affinity, trophic level, species
richness, species diversity, functional trait diversity and functional trait richness. These were
compared against a range of physical variables, including Nitrate, Silicate, salinity, extreme sea
surface temperatures, monthly temperature values, and the southern oscillation index (SOI). The
analysis was constrained to the fish component of the data at Maria Island due to overall time
constraints in the analysis and publication stages, with fish likely to be a good surrogate for similar
changes occurring in the invertebrate and macroalgal populations.

Changing spatial distributions: One analysis central to understanding the likely rate of responses to
warming, including validation of predictions based on thermal envelope models, is the extent that
range shifts follow or lag climate velocity and how this relates to life history traits of species. This
analysis was undertaken as a joint project between this study and one funded by ANNIMS. The
methodology, including model structure, is detailed in full in Appendix iii, but essentially involves
comparing a range of available datasets (including the LTTRMP and RLS datasets described
previously) to match the extent that individual species have tracked temperature changes over a 20-50
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year period. As detailed for the database development discussed previously, species traits were
analysed along with range changes for individual species to determine the extent that the rate of these
changes correlated with specific traits. The traits examined included dispersal ability, retention ability,
maximum body size, trophic level, latitudinal range size, water column position, and habitat
generalisation.

Dealing with sampling artefacts and sampling effort when detecting range shifts: Depending on the
shape of individual species abundance by latitude corves, range shifts may be difficult to detect during
early phases of colonisation due to low abundance in the tails of these distributions. Hence sampling
effort and the nature of sampling may be critical to determining the magnitude and extent of species
redistributions, as well as using the most appropriate models to describe and interpret sampling data.
To address this we compared empirically derived assemblage range shift data from two case study
areas, the LTTRMP data from Tasmania (described earlier), and macroalgal data from SE Western
Australia, with simulated patterns to identify the best modelling approach. This analysis was
undertaken as a joint project between this study and one funded by ANNiMS. The full details of the
methodology are given in Appendix iv.

Correcting for error and bias in global citizen science datasets: All datasets collected by “observers”
are likely to have some form of error and bias associated with them due to the nature of individual
subjective variability between observers during collection of data on surveys. In addition, such
datasets can often have spatio-temporal clustering that influences the way that the information can be
interpolated more generally. Modern analytical approaches can account for many types of error and
bias typical of citizen science datasets such as the RLS dataset. As this dataset formed a significant
component of the data available to our study, we applied a range of these approaches to (1) examine
how pseudo-replicated sampling influences the overall variability in response data using mixed-effects
modelling, (2) integrate data to explicitly model the sampling process and account for bias using a
hierarchical modelling framework, and (3) examine the relative influence of many different or related
explanatory factors using machine learning tools. The information from these modelling approaches
was then used to inform how we predict species distributions in Objective 4. The detailed
methodology behind this analysis is documented in Bird et al. (2014) and included in Appendix v in
this report.

Methods for Objective 2: To identify optimal locations and species for monitoring
programs (including Reef Life Survey — a cost-effective, ecological monitoring program using trained
recreational divers — and comparable agency-based programs) to best inform adaptive management via
delivery of up-to-date relevant information.

While on-going observation of biological patterns associated with climate change was not included as
part of this proposal, a clear need exists to continually observe temperate reefs in our region to
provide the necessary feedback for management agencies to both detect and understand the nature and
magnitude of changes occurring, to develop adaptive management strategies to respond to changes as
they occur, and to monitor the success of such strategies. Analyses undertaken for Objectives 1, 3 and
4 have identified the locations, species subsets, monitoring frequency and replication that have
provided the strongest signal so far. These outputs, along with the gaps that they identify, were used to
gualitatively generate recommendations about future observing protocols to guide funding bodies and
management agencies to determine potential monitoring priorities.

Methods for Objective 3: To assess the costs and benefits of existing temperate Marine
Protected Areas for biodiversity-conservation management in response to climate change and evaluate
the robustness of adaptive management frameworks given uncertainty in predictions.

The main focus of this analysis was on examining relationships of species and indicators of
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management interest between MPAs and climatic anomalies. Long-term biological data surveyed in
and adjacent to a range of east/southeast-coast MPAs were analysed using multiple statistical
approaches (ANOVA, PERMANOVA, GLMs, GAMs) to identify ecological changes associated with:
(i) the marine physical condition during years of extreme climatic anomalies (EI Nifio and La Nifia),
(i) protection from fishing, and (iii) interactions between these major two factors. The latter was
particularly important in identifying whether fishing and climate change interact synergistically,
additively or antagonistically with each other or with other threats (particularly invasive species), and
which components of biodiversity are most resilient to the effects of fishing. Response variables
investigated in these analyses will include densities of commercially-important species such as rock
lobster and abalone, flagship species such as eastern blue groper, climate change indicator species
such as those with warmer water affinities and habitat-modifying species such as the invasive Long
spined urchin Centrostephanus rodgersii. In order for results to be generalised across other regions,
life-history traits (e.g. size, dispersal capacity) of species showing high and low resilience to climate
change were identified.

An initial focus, utilising ARC funding, allowed an investigation of five MPAs that were distributed
around the southern half of the Australian continent and subject to monitoring by the LTTRMP over
their duration of protection, to be investigated for evidence of responses in fish populations related to
protection. These MPAs were (i) the Jurien Bay Marine Park, (ii) the Jervis Bay Marine Park, (iii) the
Kent Group National Park, (iv) Maria Island National Park and (v) Port Davey National Park. Three
of these MPAs are multi-zoned (Table 1), with multiple no-take sanctuary zones interspersed with
general use zones and restricted fishing zones. This analysis, published as Edgar and Barrett (2013)
indicated there was little response to protection at the individual species level except for Bastard
trumpeter (Latridopsis forsteri) at Maria Island and Red morwong (Cheilodactylus fuscus) at Jervis
Bay. This overall lack of response was attributed to the short period of protection of many of these
MPAs, coupled with low levels of fishing effort in some relatively remote area locations (Kent Group
and Port Davey), and in places, small sanctuary zone size relative to fish movement patterns. This
study complimented a related meta-analysis study undertaken by Edgar et al. (2009) that indicated
changes in current Australian MPAs accumulate slowly following protection, and it takes decades for
more significant changes to accumulate.

These results, followed by an initial examination of climate related trends from a range of SE MPAs
as part of the analysis undertaken for Objective 1, indicated that if we wanted to tease out interactions
between MPA protection and climate change, we needed to focus on a location with a sufficiently
long time series to detect climate related responses, and where sanctuary zones were known to be
sufficiently large to be effective. Hence we focussed our analysis on Maria Island as a case study of
the types of responses that may be expected elsewhere as the age of protected areas increased.

This analysis is fully described in detail in Bates et al. (2014) and in Appendix ii, as well as outlined
in the methods for Objective 1 (above). The component of this study undertaken for Objective 3 that
differentiates it from the climate change signal analysis outlined in Objective 1 is the additional focus
on the interaction between MPA protection and the response to climate change, including the
reference area role of MPAs for ecosystem monitoring and the extent that MPAs may provide
additional resilience to tropicalisation during climate change. Several of the variables examined were
specifically targeted at metrics that may become evident if there was an interaction between levels of
protection and climate change. These included species diversity and species richness, functional trait
diversity and richness, large fish biomass and thermal affinity. Where patterns in the traits and
diversity based approaches were found to be significant, these were decomposed to identify the
components making the most significant contributions to differences detected.

In addition to this analysis, overall patterns in the abundance of numerically common species of fishes
and mobile invertebrates within and adjacent to the Maria Island marine reserve were also examined
for their responses over the twenty years of protection of this reserve. This analysis was undertaken to
visualise key responses to protection that may underpin the interpretation of the analysis above, as
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well as to highlight the extent that such monitoring programs can inform changes in species
assemblages generally.

Evaluation of management frameworks, an additional component of this objective, is based on an
overall assessment of the performance of current MPAs for biodiversity conservation (as examined
above) in light of a changing climate, the model predictions from Objective 4, and off-reserve
management options. This was not intended to be a rigorous quantitative analysis, rather an
interpretation of the results of our studies above, intersected with forecast changes and the range of
management options available.

Methods for Objective 4. To develop models that quantify and predict the impacts of
climate change on inshore reef communities of fishes, invertebrates and macroalgae across the
southeast Australian region so that potential responses to change can be identified, considered and
developed appropriately.

Species distribution models (SDMs) were used to statistically estimate relationships between species
abundance records and their latitudinal/thermal distribution. SDMs were primarily developed using
regression methods that include generalised additive models. The models used biological data from
SE Australia derived from both the LTTRMP and the RLS datasets collated in Objective 1. For each
site, the latest time point in the time series was utilised in situations where multiple replicate surveys
were available through time. The SDMs were developed for fish and mobile invertebrate distributions
but not for macroalgae. In making the SDMs, the RLS component was an essential input into each
model to ensure distributions were fully informed across the entire range of each species latitudinal
distribution where possible. This meant that for algal species there was generally insufficient
information available to make appropriate models, as the RLS photoquadrat methodology was only
able to examine the canopy species, unlike the full quadrat method of the LTTRMP dataset.
Temperature relationships for each site were established from the 0.1 deg nearest neighbour point
available from the near-shore corrected BRAN dataset supplied by Eric Oliver (discussed in Objective
1). Estimation of the likely change in abundance of a wide range of fish and mobile abundance was
made for theoretical assemblages at one deg intervals from 38 south to 43 south, based on predicted
changes in abundance relating to a latitudinal shift of 2C, the predicted IPPC climate scenario A1B for
the 2060’s (Oliver et al. 2014). These changes in abundance were then interpreted for their likely
ecological significance on the basis of “expert knowledge”, with these interpretations requiring further
assessment in follow-up workshops with stakeholders.

The reliability of the use of simple SDM’s for future predictions based on likely latitudinal shifts, was
validated by the range shift vs climate velocity vs ecological traits study outlined in Objective 1
methods and presented in Appendix i. This indicated that generally, most species distributions in this
region do closely track thermal gradients, irrespective of life history characteristics.

Data

Average transect abundance (fishes: 500m? and invertebrates: 50m?) was calculated for each fish and
invertebrate species for 1665 locations south of 35.2 °S and east of 140 °E between 1992 and 2013
using visual census methods (described earlier in the methods for Objective 2). Species with
latitudinal range breadths less than 2 deg of latitude or those observed at fewer than 5 locations were
excluded from the analysis (in being restricted to a specific geographic location, such as Lord Howe,
or rare in terms of occupancy), as were species that are difficult to identify underwater returning 280
fish and 215 invertebrate species.

Geographic abundance curves: a tool for prediction
For each species the absolute minimum (equatorward range edge) and maximum (poleward range
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edge) were calculated. We then modelled the geographic abundance curve using a generalized
additive model (function “gam”: Hastie, 2013; R Development Core Team, 2013). In this case, the
GAM model is fitted iteratively using weighted additive models and backfitting (the algorithm is a
Gauss-Seidel method for fitting additive models by iteratively smoothing partial residuals, as
described in the function description in R). We used a loess smoothing function with family equal to
“Poisson”, and the link function equal to log, across all locations where the species of interest was
observed . Thus, the abundance curve is an average across seasons and depths for any given species,
representing geographic locations where the species is expected to be present. The tails to the
abundance distribution were modelled by also including all locations outside the species geographic
range that fell within 5 deg of latitude of the range edges, which brings modelled abundance to zero
outside where each species was observed.

To create a warming scenario of a plus 2 degC in southeast Australia, we calculated the average
annual STT temperature for each surveyed location from 1992 to 2008 based on the Bluelink ocean
model data, and then plotted the median SST value for each latitude and described this relationship
using a lowess smoothing function with f equal to 1/5th (Figure 14). We extrapolated temperature by
assuming a 1 deg C increase at 35 deg S and a 2 degC increase at 43°S, with intermediate values
interpolated based on the observed curve. This approach captures the higher rate of warming that has
been detected in the region in recent decades and is expected to continue for the region. To estimate
changes in the future distributions and abundances of each species, we assumed the abundance curve
for each species will retain a similar shape, allowing us to make species-specific predictions at a
regional scale that will be useful for management decisions, rather than site-level predictions that are
challenging to make with high confidence due to the likelihood of small-scale abiotic and biotic
processes influencing community dynamics.

Extension

We proposed to undertake two workshops with representatives from relevant management agencies,
research bodies, and stakeholders. The first workshop was held in Hobart in March 2011 and
discussed the potential realistic suite of management strategies that may be used to address a range of
climate change scenarios and introduced the project. Strategies discussed included a broad range of
options from small scale closures to distinct fishery controls to direct manipulation of abundances of
key ecological species. The workshop report is included as Appendix v. A second workshop was
proposed following the availability of results from Objectives 3 and 4 such that adaptation options
could be discussed and evaluated in light of the new knowledge available. Delays in this project mean
that this workshop will now be held after finalisation of this report, if sufficient stakeholder interest is
indicated.
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Results

Objective 1: To collate and analyse the long-term marine ecological data records for southeast
Australian reefs and use these to quantitatively describe relationships between species’ distribution
and abundance and changes in ocean temperature, salinity and EAC position as key drivers of climate
change.

Databases

A significant component of this project in the initial stages involved collation of dispersed biological
survey datasets into a single database that would pool all available data from surveys in the SE of
Australia (and more broadly) into one central location for analysis. This was undertaken using the
Microsoft SQL system, and a single SQL database was established for each of the LTTRMP and the
RLS datasets. In addition to establishing database structures to store and access the basic data,
additional matching tables were developed to allow individual characteristics of each species to be
attributed, including a wide range of species traits (as listed in the Methods section). For fishes, this
included length/weight relationships so biomass patterns could also be readily determined. As well as
providing a framework for the various analysis undertaken in this study, and related studies that are
building on these, the databases allow ready access by regional researchers and management agencies
to these valuable datasets via a simple query front-end. It is anticipated that both databases would be
readily available to agencies through the future, so that up to date information on individual species
abundances, distributions and survey locations are readily accessed and able to be monitored.

The physical data collated as part of this project primarily consisted of 0.1 deg BRAN data from
(CSIRO) that was subsequently corrected for near-shore factors by correction protocols developed by
Oliver et al. (2013). As this is essentially an extension of BRAN (a CSIRO product), this near-shore
corrected product is available from the author (Oliver) on request. The BRAN data available for our
analysis was only available up until 2008, however a new version of BRAN has now been released,
with time series until 2012. Near-shore corrections will be made for this as well, and may be available
on request once completed.

Relationships between species distributions and physical processes.

The analyses in this component of our study was broken into three main components as we explored
various approaches to tackling these relationships, in addition to ensuring the fundamental issues
regarding using the survey data in this context were well understood and addressed. These
components were (1) examining available biological time series at a range of locations with long-term
data to establish the extent that long-term trends could be explained by physical processes, (2)
focusing on the long-term dataset from Maria Island to more specifically examine a case study where
the longest comprehensive biological dataset is available, and able to be matched with similar long-
term physical data from a nearby CSIRO monitoring site, (3) looking more widely across SE
Australian datasets to examine the rates that species range extensions matched climate velocity over
20-50 year time spans, and the influence that species traits may have on these relationships, and (4)
examining the extent that artefacts in survey data can influence predictions of range shifts,
determining appropriate models to deal effectively with the uncertainty associated with such data, and
statistical approaches to further refine the applicability of citizen science datasets to such problems.
The results of each of these components are examined and discussed below.

1. Time series trends throughout SE Australian monitoring datasets.
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Correlations between biological and physical drivers: A range of methodologies were explored to
explore possible correlations between patterns in the physical and biological data. They centred
around the use of generalised liner models to match biological trends with the temporal physical
signal from BRAN data from nearest neighbour grid cells. The extensive analyses and outputs are not
presented here as all involve quite a degree of complexity to present and explain, but also because no
clear patterns were evident from this analysis at most locations. Our initial approach examined trends
over multiple time scales, including direct comparison of physical and biological data as well as the
addition of temporal smoothing and offsets in time increments that may compensate for clear lags in
the relationship between conditions suitable for successful larval development and settlement, and the
size that fish or mobile invertebrate species become visible to divers during a visual census. In
addition, particularly warm summers or winters may increase survival of vagrant species that become
more evident in subsequent years surveys, and offsets are necessary to detect this.

Despite extensive pattern exploration, and trials of a number of alternative modelling approaches, few
clear patterns emerged from this approach, and subsequent analysis focussed exclusively on data from
Maria Island where the richest time series was available (discussed in the next section). A number of
independent but important issues contributed to this inability to detect patterns, even where some
distinct patterns were evident, such as the decline of common invertebrate species at Jervis Bay
(Figure 2) or Maria Island through time (Figurel4a-b). These issues collectively provide important
insights into what is needed in the future if we are to effectively track changes related to significant
variation in environmental variables, and partition out the components due to climate change.

The first of these was related to both the duration of a time series and also the extent that it was
punctuated by gaps in the continuity. For locations such as Wilsons Promontory or Jervis Bay, the
extent of time covered by monitoring programs was around ten years, and in the case of Jervis Bay,
that was punctuated by occasional gaps in the time series for years when funding programs were not
available. Analysis of long-term time series elsewhere, e.g. Hawkins et al. (2009), examining changes
in intertidal assemblages in the UK, suggests that routine time-series of forty years is the typical
length of time necessary to determine climate relationships from such datasets, and that indeed, the
monitoring does need to also span enough variations in the strength of the environmental signal for
patterns to be statistically valid. This is the second issue to arise in our analysis.

For the more eastern locations such as Jervis Bay, no temperature increase or significant variation was
encountered over the temporal extent of the survey series there, so despite some clear trends such as
the decline in invertebrate abundances shown in Figure 2, were not able to be related to changes in
physical processes in that region. The lesson from this is that it is imperative that any specific
biological monitoring programs targeted at informing climate related relationships are able to continue
across time periods over which biologically meaningful warming may be expected to occur. This
pattern was evident from a study examining bioregional level change over a decade scale on
Tasmanian reef systems between the mid 1990’s and mid 2000’s. No significant biological change
was detected over this period as it corresponded with a relative stable temperature regime following a
significant increase of around 1 deg C in the previous decade (Stuart-Smith et al. 2008, 2011), yet had
the study been undertaken a decade earlier it may have documented the almost complete loss of Giant
kelp (Macrocystis pyrifera) on the Tasmanian east coast (Edyvane, 2003) and changes in kelp
associated assemblages.
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Figure 2. Invertebrate abundances (n/200 m?) of common species at sites within the Jervis Bay Marine
Park in NSW during surveys between 2003-2007.

Finally, many of the changes that do appear to be evident in our datasets relate to vagrant species that
respond to periods of warming and cooling. These tend to be low in abundance, and variable
temporally, hence requiring additional replication or targeted sampling such as that of Figueira and
Booth et al. (2010) in southern NSW, where climate vagrants are specifically and actively targeted in
annual monitoring surveys. An alternative approach to enhance statistical power is to study these
changes at a higher level such as changes in overall species thermal affinities, overall species
diversity, and changes in the types and diversity of biological traits, and this is examined in the
following section.

2. Climate related patterns derived from high density biological and physical data from eastern
Tasmania (Maria Island and surrounding coast).

As discussed above, initial examination of the available data indicated that only surveys from the
Maria Island region and related early Tasmanian MPA study areas in smaller reserves (Tinderbox,
Ninepin Point and Governor Island (Bicheno)) had sufficient temporal data to fully explore physical
relationships and so analysis in this area has focussed on these. Moreover, as replication at the site
level was lower in the smaller reserves, and these had a number of missing years, the final analysis
centred on the Maria Island dataset as a case study of what could be examined with the best available
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data. The analysis focussed on two aspects of change, the regional trends associated with climatic
variability, and the interaction between these and MPA protection. This latter component is described
later in the section dealing with Objective 3. The overall analysis has been published in Nature
Climate Change (Bates et al. 2014), and the majority of this work is documented here as Appendix ii.
The results and discussion presented here are a selected overview of this work. Due to time
constraints, the study focussed entirely on the fish assemblages, other than a brief examination of the
response of Centrostephanus rodgersii urchins in this region through time, as these are related to
some of the patterns observed.

Our focus was on analysis of community metrics such as species richness, diversity and functional
traits within the temperate reef fish communities of this region over the 20 years of monitoring data
availability, within what is acknowledged as a global warming hotspot. In addition, to conventional
diversity-based approaches, our analysis included a range of potential indicators of change that extend
beyond the simple abundance of key species. For example, a novel species traits-based approach was
developed, allowing traits such as thermal niche to be quantified. The establishment of a traits-based
approach here has allowed the population of variables such as latitudinal range, trophic level,
mobility, maximum age, etc. to be included into our database structure, and utilised for a wide range
of future analyses and applications, including the climate velocity vs life history analysis presented in
the next section. One key trait that was developed here was the thermal niche of each species. This
was developed empirically as part of the species distribution modelling (SDM’s) and thermal
relationships produced for Objective 4 in this study. This information allows us to readily characterise
species, not only on their widest geographical range (e.g. on the basis of museum collections) but also
on their main centre of thermal comfort.

A key regional finding from this work was that species richness and diversity oscillated strongly at the
decadal scale, with long-term warming signatures also identified, and present as increasing functional
trait richness and functional diversity, driven in part by a general increase in herbivores. Figure 3
illustrates the types of physical variability over this period of time, including large changes in
minimum and maximum temperatures from year to year, as well silicate levels (that determine
phytoplankton availability) and a general increase in salinity, reflecting increasing influence of the
EAC. Additional patterns in physical variability, such as the southern oscillation index (SOI), average
monthly temperatures, and nitrate levels are shown in Appendix ii. When these relationships were
explored in detail, significant correlations were found with both changes in nutrients and the southern
oscillation index, with species richness, species diversity and functional diversity being correlated
with this physical variability. One large contributor to this variability was the short-lived reef attached
planktivore, the Blotch-tailed hulafish Trachinops caudimaculatus. This species underwent an order
of magnitude in variation in abundance over the period of the study (Figure 4) with this evidently
being driven by the physical processes that underpin planktonic food availability, such as the
availability of nitrogen and silicate.

Over longer time periods, there was a clear signature of tropicalisation, with a significant temporal
trend relating to an increase in average temperature and SOI values, being evident in functional
richness and diversity, and thermal affinity. This longer-term trend in functional richness and diversity
appears to be mostly related to an increase in both the number of herbivorous species being observed,
as well as the overall biomass of herbivoures (Figures 5 & 6). To some degree such an increase is to
be expected as warming-related poleward extensions of herbivorous fishes at high latitudes are likely
to be related to the temperature-dependence of metabolic rates of plant material digestion vs metabolic
requirements (Floeter et al., 2005). It is likely that such changes will be one of the most significant
with respect to fish assemblages in cooler latitudes in the early stages of any future warming. Given
that increases in the abundance of large bodied resident herbivorous fishes such as the Herring cale
Olisthops odax (Figure 6) also reflect a significant increase in overall biomass, it is likely that such
changes may also have a marked impact on community function as changes accumulate, especially as
more mobile herbivores such as the Zebrafish Girella zebra (Figure 6) also migrate further south
during summer warm periods.
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The increase in diversity and thermal affinity over the longer-term related to the increase in a range of
species with warmer water affinity, such as White-ear Parma microlepis, Mado sweep Atypichthys
strigatus, One-spot puller Chromis hypsilepis, and Herring cale Olisthops odax. The changing
abundance of many of these species is shown in Figure 11 in the results for Objective 3. Many of
these species were most conspicuous in Centrostephanus barrens, or similar barrens formed by the
Common urchin Heliocidaris erythrogramma (Barrett, pers. obs.) and therefore represent a response
that is somewhat mediated by habitat affinity and availability. In the core part of their range, these
species appear to closely track the availability of urchin barren or turfing habitat (Barrett per. obs.).
As Centrostephanus barrens become more established in this region, this habitat facilitation is
expected to therefore further enhance the abundance of such warmer affinity species (as expected
under the invasion meltdown hypothesis of Simberloff and VVon Holle, 1999).

Overall, the main messages from this component of the study were that while it was very difficult to
detect patterns at the individual species level, even with our best available long-term datasets,
appropriate ecological metrics such as those based on biological traits could be used as effective
indicators of change. In addition, some individual species, that are numerically abundant and short
lived (such as Trachinops caudimaculatus and Acanthaluterus vittiger) and show marked changes in
abundance through time, may show good correlations with physical variables, but for most species,
significantly greater replication (to reduce noise and increase detectability) would be required to
detect clear patterns, with the cost of this extra replication generally being prohibitive. The changes
detected by these “indicators” include greater influence of herbivores, and warm affinity species, so
these metrics seem appropriate for longer term monitoring, and suggest the broad multi-species
approach to monitoring undertaken so far may be more informative than single species targeted
monitoring, particularly if the chosen “indicator” species are found to be inappropriate in the future,
or at least not important drivers of changing ecosystem function.

a y b &4

~ @ 3

s ] g
- o < |

2« > 0

S ] £

= © -

wco~ w°°.
o.—.l T T T T g—l T T T T
1992 2002 2012 1992 2002 2012

— — D

“0 3 G

Ep Eg

EZ° E2nr~ A=

I o AN T ™

0~ © O

=g A =g

o @

}_:—l T T T T '_‘LQ-I T T T T
1992 2002 2012 1992 2002 2012

Year Year

Figure 3. Oceanographic variables, obtained from CSIRO’s long-term observing station, driving reef
assemblage change at Maria Island. a, Mean annual silicate and b, salinity, and c-d, extreme surface
temperatures.
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Figure 6. The log abundance, through time, of herbivorous fishes within the Maria Island marine
reserve (green circles) and adjacent fished reference sites (open circles). Warm affinity herbivores
increasing through time include O. cyanomelas, G. zebra and P. microlepis.

The overall patterns with species distributions and abundance curves and their relationship with
physical drivers such as temperature are currently being modelled and described. This work is now
well advanced and required incorporation of all available quantitative survey data, including Reef Life
Survey data, to enable the species abundance by latitude curves to be developed for many of the warm
to cool temperate species. This information was utilised to populate the thermal niche traits for each
fish species in the analysis of the Maria Island time series in the Nature Climate Change paper as well.
Some early indications from this work are that it is rather important to have cost-effective sampling by
a program such as Reef Life Survey in addition to our Long Term Temperate Reef Monitoring
Program surveys, as the development of species by abundance by latitude distribution curves requires
good quantitative data at multiple locations across the latitudinal gradient occupied by each species.
Without this, species extensions or contractions are very difficult to detect. Simple presence/absence
records, as typically used in many studies of CC patterns, can often produce quite misleading results
due to detectability issues (i.e. failure to detect doesn’t always mean a species is absent), and range
centres of “temperate” species often require sampling that extends into tropical regions to detect the
upper tails of thermal distributions. As part of this analysis, issues relating to detectability have been
explored in collaboration with other researchers and these have either been published such as
“Statistical solutions for error and bias in global citizen science datasets” attached here, have been
submitted for review such as “Distinguishing geographic range shifts from artefacts of detectability
and sampling effort” which is also attached here, or are in preparation, such as an intended publication
looking at range-shift rates and how these relate to species traits. The final papers/s from this analysis
will deal with species distributions, their traits and how these may be projected forward to allow us
the estimate likely assemblages under future warming scenario’s.

Relating range shifts to climate velocity and ecological traits.

A significant piece of information necessary to fully inform predictions of future biological
communities under warming scenarios, is the rate that species move in response to warming and the
extent that different species may do this due to their particular life history attributes. This information
is critical to determining whether the species distribution models produced for Objective 4 are
appropriate if just based on thermal responses alone, or if they should be adjusted to take into account
life history attributes.
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To examine this, multiple biological data sets were examined from SE Australia, to see the extent that
rates of migration of species matched climate changes recorded over recent time scales of 20-50 years.
This included the LTTPMP datasets spanning that time frame, both for fish and invertebrate species.
The major results from that analysis are presented in Appendix i, in the form of a paper in the final
stages of preparation, with the major points summarised here.

Although many marine species have moved to higher latitudes as a response to climate warming, there
is little information on species’ ecological traits which may explain the vast variation in species
responses to date. Therefore we have utilised the species traits database prepared for the analysis
presented previously, and relate these to the compiled range shifts of marine coastal species in this
region, obtained from our own, or published data. This has enabled us to identify species traits that
may explain variation in rates of range expansions over the last half-century. We found that species-
specific climate velocity explains the vast majority of variation in the data, rather than specific
characteristics that might have a-priori been expected to explain this variation. Among fishes,
expansion rate was also positively related to latitudinal range size, and negatively related to trophic
level. Hence the patterns seen for herbivorous fish that are detailed in the previous section of this
report may be an indication of a ubiquitous response throughout this cool temperate region. In
addition to the relationship with thermal control over rates of digestion, the role of fish herbivory is
essentially a vacant niche in southern regions, so there is less potential for inter-specific competition
or resource limitation to limit population expansion.

Patterns in invertebrates were similar to those noted for the fish species, although with greater overall
uncertainty. Remarkably, for both fish and invertebrates, dispersal potential had a low ability to
explain range expansion rates, with low-dispersal species among those with the greatest expansion
rates. Species-ecosystem interactions thus appear to be most important in predicting range shifts in
southeastern Australia. There are a number of clear implications of these results. Firstly in a
conservation sense, range-limited species may be a subset of the fish and invertebrate community to
focus planned conservation measures on, rather than species with limited dispersal capacity.
Secondly, the results bode well for using climate velocities to generally predict range shifts responses
in marine organisms, given that most species distributions tracked thermal gradients, thus validating
our application of this approach in our analysis for Objective 4. Finally, the results suggest that many
marine species may have an inherent capacity for adaptation to changing environmental conditions,
with populations able to track current rates of change. Clearly though, this only applies to species
where available niches exist further south, rather than to species such as the Red handfish, only found
in southern Tasmania, which have no ability to move further south in response to warming.

The study also highlighted the necessity for the uncertainly in species ranges, and hence rates of
thermally mediated migration, to be better addressed by biological surveys that inform the likelihood
of species to be present in the tails of their distribution, particularly at the most distant extremes. A
better understanding of this is critical for informing management of the extent of responses as they
accumulate under the warming predicted over the next 50 years. The following two components of the
work undertaken for this objective attempt to deal with some of the uncertainties provided by such
data where it is imperfect, including modelling and statistical approaches.

Detecting geographic range shifts from artefacts of detectability and sampling effort.

As noted above, the redistribution of species with climate change is well-documented, and we are able
to make some predictions about the rates of change based on observational data. Even so, it remains
unknown exactly what proportion of apparent shifts in species ranges reflect real change due to
ecological processes, and which are simply artefacts of variable detectability. This difference in
detectability can come from a wide range of sources, including the spatial and temporal extent of
sampling, the search effort per species or location, and whether data collected presences,
presence/absence, or quantitative estimates of abundance. In addition there are potentially errors
associated with sampling protocols (e.g. species identification issues or abundance estimates derived

28



from citizen science sources), however, these more specific issues are addressed in the following
section. For this component of our study, we use simulations under scenarios of varying abundance-
related occupancy and sampling effort to describe the null expectation of patterns in the magnitude
and variability of range shifts. We compared simulated patterns to empirically derived assemblage
range shift data from two regional-scale (100s km) field studies (a Western Australian algal
distribution study and a comprehensive Tasmanian reef health study within the LTTRMP dataset) and
find that even with a well-designed sampling regime, accurate estimation of range edges are difficult
to obtain for many species. The results from this analysis are presented in detail in Appendix ii, a
manuscript in revision for Diversity and Distributions, with the highlights and overall implications
discussed here. The results illustrated that a time-to-extinction model can be applied to spatial
distribution data to provide species-specific confidence limits for range edges. These simulation and
modelling approaches are particularly valuable for studies of marine species, where observations are
typically few and patchy. However, the best model fits, as expected, applied to species where there
were still regular occurrences in datasets towards the range edges. For species with low detectability
on surveys, if the aim is at least in part to inform the extent of range edge chances, sampling needs to
include additional spatial or within survey replication, to ensure detectability for such rare species is
fully accounted for, particularly in areas known to be potential range boundaries for species of
interest. Previous sampling programs have not been designed with this aim in mind, so a clear
recommendation is that in future programs, informing climate change focussed management becomes
a central focus of regional surveys, and particular effort be focussed on detecting the presence of
species likely to be at the extent of their range. For RLS and LTTPMP surveys, that extra effort could
be in the form of recording off-transect sightings of expected rare species, and/or additional off-
transect searching for regional species of interest. The second recommendation is that given the
uncertainty in species distributional limits, time-to-extinction models be applied in model based
approaches to monitor and describe future changes to account for this. Attempts to estimate null
expectations of assemblage-level range shifts in the marine environment, and assigning confidence in
the values obtained for particular species, represent important steps in advancing our understanding of
global change.

Statistical solutions for error and bias in global citizen science datasets

Survey data in general can suffer from a range of error and bias, and ideally these should be accounted
for when utilising such datasets that can have a range of subjective biases due to individual observer
variability, or simply uneven geographical distribution of sampling locations due to clumping in the
dispersal of sampling sites, which is often determined by site suitability. The RLS dataset formed a
core component of our data available for development of species distribution models, and therefore
we explored biases associated with the use of such data and statistical approaches to overcoming these
biases where possible, so that the results had greatest reliability. More generally, given the cost
effectiveness of RLS, citizen science (CS) programs have the potential to observe biodiversity and
species distribution patterns through time in Australian waters, proving an important component of a
future integrated approach to monitoring biological change and range expansion. Yet the adoption of
such datasets in conservation science and resource management is hindered by a perception that the
data are of low quality. This perception likely stems from the propensity of data generated by CS to
contain greater levels of variability (e.g., measurement error) or bias (e.g., spatio-temporal clustering)
in comparison to data collected by scientists or instruments. We explored the global extent of data
available in the RLS dataset using a range of modern analytical approaches to see if they could
account for many types of error and bias typical of CS datasets. The detailed results of this analysis
are given in Appendix iii, and form the basis of a manuscript published in Biological Conservation
(Bird et al., 2014). In summary, it was found that it is possible to (1) describe how pseudo-replication
in sampling influences the overall variability in response data using mixed-effects modelling, (2)
integrate data to explicitly model the sampling process and account for bias using a hierarchical
modelling framework, and (3) examine the relative influence of many different or related explanatory
factors using machine learning tools. Information from these modelling approaches can be used to
significantly improve the prediction of species distributions and the estimation of patterns of
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biodiversity. Even so, achieving the full potential from CS projects such as RLS requires meta-data
describing the sampling process, reference data to allow for standardization, and insightful modelling
suitable to the question of interest.

Recommendations arising from this analysis include working with both statisticians and volunteers to
identify likely constraints around sampling quality, and major sources of error. Given the broad array
of possible modelling approaches available, it is important to consider the main issues with the
dataset, how they will affect the question being asked and then to choose the best method to deal with
those issues. Ideally researchers using CS datasets would design their sampling program to collect the
appropriate metadata needed to account for such issues ahead of time. At the same time, the design of
CS studies must meet the needs of the question being asked, while acknowledging trade-offs between
data quality and quantity that are likely to occur with CS data.

Once the critical metadata components are identified, it is vital to record these during survey
execution (such as observer i.d., water quality) so they can be accounted for in model-based
corrections of outlying results. While standardized data collection procedures will help ensure that
volunteers are, to the best of their abilities, collecting data in the same way, true uniformity in
sampling is unlikely. Recording meta-data can also help account for pseudo-replication due to
clustered sampling. Finally, where measurement bias is a potential issue, useful procedures include
additional re-sampling of areas with known quantities of species of interest, using training datasets, or
performing multiple-observer surveys.

In summary and recommendation,

Many of the monitoring programs currently in place on temperate reef systems in SE Australia are
still in their infancy as far as the extent that they span time periods over which the thermal climate has
changed sufficiently to be able to detect long-term trends or significant correlations with inter annual
variability in physical drivers. Despite this, where there is a significant time series available,
ecological metrics such as those based on biological traits appear to be effective indicators of change.
The changes detected by these “indicators” include greater influence of herbivores, and warm affinity
species, so these metrics seem appropriate for longer term monitoring, and suggest the broad multi-
species approach to monitoring undertaken so far may be more informative than single species
targeted monitoring, particularly if the chosen “indicator” species are found to be inappropriate in the
future, or at least not important drivers of changing ecosystem function. Given that repeated sampling
at the annual time steps required to detect such changes is likely to be too expensive to continue in the
long term, ideally such monitoring would be in place for at least a 5 year period at regionally
representative locations (the MPAs and representative coastal areas indicated in Objective 2) to
establish benchmark understanding of inter-annual variability, and then subsequently at 5 year
periods. Without the annual time series available to make inference of bio-physical coupling in
observed patterns there will be little capacity to infer detailed relationships with physical drivers of
variability, however, longer-tern trends will be detected where/when more directional change in
parameters such as SST occurs. Given the urgency of informing management of potential changes
responding to the physical predictions of Oliver et al. (2014) for warming in the SE region, ideally the
regional MPA focussed sampling and reef health bases sampling at locations in-between (e.g. Lap of
Tas or RLS approach) would be undertaken at 5 year intervals to inform management of related
biological changes. A 5 year time period matches the State of Environment reporting cycle, and
ideally reporting on climate related changes on temperate reef systems would be incorporated as a
core component of that, using the above metrics of change as indicators to report against. Developing
nationally utilised databases to share and exchange this monitoring data will be a key need to facilitate
analysis and reporting at SE region to national scales, as will acceptance in marine policy that such
information gathering, analysis and reporting is of central importance to State and Commonwealth
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gGovernments if we intend to be prepared with the information required to mitigate adverse impacts
of future climate change via adaptive management.

Finally, given that one documented change from the long-term data from the Maria Island region was
a marked increase in the biomass of herbivorous fish, this is likely to reflect a more general response
throughout the region and one that will increase with future warming. The extent that this will cause
significant change to algal productivity is a significant unknown, and warrants targeted research into
grazing rates, target algal species, predicted increases in herbivore biomass and modelling of likely
consequences.

Objective 2: To identify optimal species and locations for monitoring programs (including Reef
Life Survey — a cost-effective, ecological monitoring program using trained recreational divers —and
comparable agency-based programs) to best inform adaptive management via delivery of up-to-date
relevant information.

The results from this objective are essentially an interpretation of lessons learned from the results and
analyses in objective’s 1, 3 & 4, including an overview of what worked, what significant gaps were
detected, and what are the likely future needs of management that monitoring programs can
adequately address. This interpretation is particularly with respect to species distributions and
identification of species with life-history traits that make them potential “indicator” species of change,
and hence targets for focussed monitoring programs.

Survey methods. Any future monitoring program is going to have to address the need to collect
information across a broad range of species to properly understand how they respond to a warming
climate, such that adaptive management processes can be well informed. The results from the analysis
at Maria Island, utilising our best available long-term dataset, indicated that two of the key responses
to warming were at the level of thermal traits and trophic level (herbivores), both of which required
monitoring of multi-species assemblages rather than individual “indicator” species. However, at the
same time, where major climate indicator species (such as Centrostephanus) do occur, monitoring
does need to ensure that these are also adequately detected and described, particularly in the outer
tails of their distribution. This latter requirement was highlighted in the analysis for Objective 1
examining the importance of detectability at range limits, and while appropriate choice of models may
account for imperfect knowledge, an increased focus on improving knowledge in the tails of species
distributions is recognised.

The current reef monitoring protocol in place in temperate WA, Temperate NSW, Tasmania, Victoria
and South Australia is a nationally accepted methodology that has been demonstrated here and
elsewhere (e.g. Barrett et al., 2007; 2009; Edgar and Barrett, 2013) to return practical, cost effective
and informative results for management applications, allowing comparison of species distributions
and patterns across state borders and regional gradients. The core protocols are broadly identical in all
states (except a minor modification for algal cover in the “Reef Health” program in SA), based on
diver observations of fish and mobile invertebrates abundances, and the percentage cover of
macroalgae and sessile invertebrates. These protocols, described in detail in Edgar and Barrett (2007),
and further below, yield robust abundance data on most species of interest, and can be supplemented
by additional targeted surveys for particular species (both of identical methodology or complimentary
alternatives such off-transect timed swims targeted at species of interest, or non-diver based methods
such as Baited Underwater Video (BUV), or simply by additional replication if the focus is to
improve the power of detection of trends in climate change species at their range edges where
detections are imperfect due to lower abundances.

In addition, these identical protocols have generally been in use as part of monitoring programs
examining changes in MPAs following or prior to declaration (WA, SA, Vic, Tas, NSW, or as part of
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programs documenting changes in reef health (The SA Reef Health Program (Turner et al., 2008), the
Lap of Tassie program (Stuart-Smith et al., 2008; 2011)) so they allow detection of any interaction of
fishing with CC species and their abundances (as is the case for Centrostephanus in Tasmania for
example). They currently have the support of a range of management agencies (conservation, fisheries
and NRM) in many of these states, and staff experienced in their implementation. Furthermore, these
methods provide quantitative abundance data, such that changes in abundance can be described
through time, and are therefore more reliable than presence/absence data obtained by other methods.
Perhaps most importantly still, the methods have been in widespread use from as early as 1992 in
Tasmania (Maria Island, Tinderbox, Ninepin Point and Governor Island- e.g. Edgar and Barrett,
1997), 1993 for a full “reef health” bioreginalisation of Tasmania (Edgar et al., 1997), 1996 in NSW
(Jervis Bay-Barrett et al., 2005, 2007) and Western Australia (Esperance to Albany Coast), 1997 in
Victoria (Port Phillip Heads- Barrett and Edgar 1997), 1999 in Western Australia (Jurien Bay- in
Edgar et al., 2005) and Victoria (Wilsons promontory - in Buxton et al., 2006) and 2002 in South
Australia (Flurieau Peninsula- in Edgar et al., 2005). Many of these surveys have been repeatedly
added to through time, providing a critical time series, and new locations and regions have been
added, including Port Davey in SW Tasmania — Barrett et al. 2007a, Kent Group in Bass Strait —
Barrett et al. 2007b, Batemans Bay region in NSW — Barrett et al. 2008), numerous locations in South
Australia from Ceduna to Robe and a wide range of locations in Victorian MPAs from 1999 onwards
as part of the Victorian government commitment to performance evaluation of their MPA network
(e.g. Lindsay et al 2006, but there are many in this report series, available from Parks Victoria on
request). That program continued on an annual basis for a decade providing a broad framework by
which regional changes could be assessed. It was reviewed in 2007 by Keough et al. (2007) and
Power and Boxall (2007), and subsequently continued with a lower rate of temporal replication to
address budgetary constraints.

This legacy of very broad national coverage, coupled with a standardised protocol, and a long
historical record in many locations, including time series data, does make it the most logical
framework for the development of a more specific application to inform climate change adaptation
management. Clearly the focus of such programs up until now has been on understanding reef health,
describing biogeographic patterns in species distributions, conservation planning, monitoring MPA
networks, and informing ecosystem-based fishery management. This framework now needs to be
further evaluated and potentially adjusted to meet the additional requirements necessary to meet
climate management needs.

Overall, the current MPA network in temperate Australia does provide reasonable spatial coverage to
detect climate-related changes and trends, and when coupled with similar replication of surveys in
adjacent fished areas (as is the case in the current programs), will allow good description and
understanding of regionally specific processes associated with differing species assemblages. For
example the Kent Group in Bass Strait has very low Southern rock lobster abundances naturally due
to low settlement, so here Centrostephanus barrens, which are extensive in this area, may never be
controlled by lobster predation. This is contrasted by results from Governor Island or Maria Island in
eastern Tasmania, which show lobsters to be abundant and key predators, capable of regulating
Centrostephanus numbers. It is really important to understand and describe this regional variation and
responses, as many “paradigms” are not generalizable and it is a mistake to assume they are.

A recent FRDC project examined the potential application and development of indicators for
informing spatial management in SE Australia, utilising a range of datasets, including the Victorian
MPA monitoring data and our regional LTTRMP data (Smith et al. 2010, Johnson et al. 2011). That
report found that despite many areas having a range of species in common, there were very few
responses that could be generalised to the extent that specific indicators would be applicable
generally. The models demonstrated that while processes operating within individual MPA regions
could be described, they were not transferrable between these regions, so it is imperative to provide a
monitoring framework that accounts for regionally specific responses in ecological communities.
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Clearly then, there are several aspects to a climate driven need in a monitoring framework that have to
be addressed in any future programs. The first of these is the extent of spatio-temporal coverage of
species ranges and abundance distributions, especially at the margins of species ranges. This has been
relatively well addressed by the mix of State agency programs (including the LTTRMP) and the RLS-
based projects, and will be addressed later in this section with respect to refinement. The second
component is the long-term monitoring of MPAs and adjacent fished areas, where such areas can offer
the necessary regional level understanding of ecosystem function and the extent that individual
species contribute, as well as a fuller understanding of the interaction between climate related impacts
and fishing activities. The work undertaken to inform Objectives 1 and 3, indicate that long-time
series are necessary to both detect changes related to climate drivers (particularly as warming trends
are accumulated over decade scales), and to adequately untangle the interactions between fishing
activities and climate driven changes in biological assemblages and processes. This latter component
is critical, as in many cases, understanding this interaction is the basis of developing adaptive
management responses, given that controlling fishing effort, either spatially through closures, or via
effort controls, is one of the few leavers available for management to provide a response.

Overall there is moderate coverage of the temperate Australian coastline with MPAs that have some
form of monitoring programs in place. Fortunately most of these are based on a BACI design, with
“before” data available to ensure observed changes are in response to protection, or temporal
responses, rather than inherent differences between zones or sites. Temperate water examples of the
spatial distribution of these include, from Western Australian, Jurien Bay and the Capes (Cape
Naturaliste to Cape Leeuwin) MPAs, as well as protected areas at The Abrohlos and Rottnest Island.
South eastern Australian examples include MPAs at Port Stephens, Jervis Bay, Batemans Bay (NSW),
Cape Howe, Wilsons Promontory, Bunnerong and Port Phillip Heads (Vic), and The Kent Group,
Governor Island, Maria Island, Tinderbox, and Port Davey MPAs (Tas).

There are some gaps in the physical distribution of these MPAs within SE Australia from the
viewpoint of their use as scientific reference locations by which to assess the impacts of climate
change and fishery interaction. These primarily relate to typical coastal habitats subject to some
degree of fishing pressure (such as far NE Tasmania), however the current MPA framework in NSW
and Victoria within this region does appear to provide the necessary spatial coverage to describe
regional variation in responses, and minor additions within Tasmania would help provide a robust
spatial framework for monitoring of the SE region. Within that framework though, there are still zones
within some MPAs where the current no-take MPA configuration is not ideal for scientific reference
area function, and this is something that requires further discussion, and a common approach to its
solution, with FRDC, state management agencies and other stakeholders. These primarily relate to
either the size of a MPA, or the no-take zones within it, where the effectiveness of no-take reference
areas are compromised by either an inadequate area of protection relative to the movement patterns of
the species they are intended to protect, or poorly functioning boundaries, such as those situated on
continuous reef habitat, where cross boundary movement causes a significant edge effect. An example
of this is the Governor Island MPA in Bicheno, Tasmania, where the northern boundary of this small
MPA (less that 1 km coastline) is situated on continuous reef and is heavily potted for lobsters and
netted for fish. This results in this otherwise well positioned MPA being less than ideal as a reference
area for examining lobster/Centrostephanus interactions, despite being otherwise ideally located.

With respect to species distributions, and determining changes in these through time (a central focus
of our work against Objectives 1 and 4), one big hole in the State agency/MPA reference focus, was
that the distribution by abundance curves of many species were not adequately described. There were
multiple reasons for this, including (1) significant gaps in-between reference areas (for example
between Jervis Bay and Port Stephens), (2) habitat related gaps, for example where MPAs are
predominantly in sheltered waters, whereas particular species of interest are in exposed waters, (3)
depth related gaps, where the bulk of MPA monitoring has been at 5-10m, but significant habitat
related change, or important indicator species may be more evident at greater depths, (4) missing
values at the mid to extremes of species ranges, especially to the north of the current MPA monitoring
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focus. In these instances, data from Reef Life Survey (RLS) has been invaluable in our current
analysis in providing many additional data points over species ranges to help understand current
patterns, and potentially detect future changes in these, particularly in the “tails” of distributions. We
could not, for example, have completed the species distribution work (Objective 4) without RLS data,
particularly allowing northern range limits and range shapes to be described.

As described in the methods section, the RLS methodology is very similar for fishes and mobile
invertebrates to the other reef monitoring protocols in place, allowing data comparisons to be made as
identical areas are searched by these methods when replicates are pooled to give the same area
coverage. It does differ in the methodology used to examine algal cover though, as volunteers lack the
necessary skills to determining a broad range of algal species, and therefore the methodology is based
on a photo-quadrat method, that allows dominant algal cover to be described and monitored, but not
the overall compliment of algal species often present at these sites. For fishes and invertebrates, RLS
surveys are a cost-effective approach to obtaining essential distributional data, particularly at the
distributional limits of species ranges. Many of the species distribution models developed for
Obijective 4 heavily relied on RLS data from sites extending up into Queensland to properly describe
the shape of species distribution curves, and this was particularly important to establish given that
these curves often related to widely distributed warm-temperate species most likely to influence
assemblage changes in the SE region over the next 50 years.

The extent of replication available through RLS also meant that a wider range of habitats were able to
be surveyed, thus minimising any region by habitat interactions (e.g. sheltered habitats dominating in
Jervis Bay vs exposed habitats at Batemans Bay) in the data that may have confounded the analysis in
Objective 4 otherwise. In time, this approach should also yield appropriate temporal patterns in
locations and habitats that are not covered by established monitoring studies in fixed locations such as
Jervis Bay or Maria Island, or where state agency-based approaches are not able to provide the
temporal replication through time necessary to detect changes with environmental variables.

In that respect, in addition to continuing with a state-agency approach to monitoring coastal reefs
within current MPA monitoring frameworks, we suggest that given the complimentary nature of the
RLS approach, continuation an RLS style program is an essential and integral component of climate
change monitoring for adaptive management. It is essential to both fill-in gaps in biological ranges
and latitudinal site locations, and to provide a cost-effective solution to maintaining time-series when
government agencies are not able to do so. This could be supplemented by occasional state agency
initiatives such as the South Australian and Tasmanian reef health projects, which may be repeated at
temporal scales that match expected scales of biological change (decade scale). One priority action is
to undertake a region-wide macroalgal survey that utilises the conventional quadrat method to
supplement the RLS fish and invertebrate data from locations in the tails of distributions in particular.
The lack of adequate algal data precluded our analysis if this in objectives 1 and 4 for SE Australia,
yet many algal species show restricted thermal distributions and may form a significant component of
regional diversity at threat from warming related impacts.

Specific recommendations regarding monitoring locations and analysis/reporting protocols in
SE Australia for identifying biodiversity responses to climate change, potential management
adaptation measures, and describing the effectiveness of these.

To supplement the above discussion of monitoring frameworks, there are a number of specific
reference areas of significant value to our long-term understanding where monitoring should be
continued/established as a top priority. These locations include Jervis Bay Marine Park, Batemans
Marine Park (NSW parks), Cape Howe Marine National Park, Point Hicks Marine National Park,
Wilsons Promontory Marine National Park, Bunurong Marine National Park, Port Phillip Heads
Marine National Park (Vic), Kent Group Marine Nature Reserve, Governor Island Marine Nature
Reserve, Maria Island Marine Nature Reserve, Tinderbox Marine Nature Reserve and Port Davey
Marine Nature Reserve (Tas). All these areas have no-take areas suitable for a reference role, existing
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long-term data and monitoring available and adjacent fished habitat that is representative of the
coastal region and is also monitored as part of existing programs. Their spacing within the SE region
of Australia is at approximately 100km scale, giving a good regional spread to both represent regional
variability in ecosystem function, and latitudinal gradients in biogeographical trends, including the
current and future range of species.

The main significant gaps include far NE Tasmania where a monitoring location is needed to maintain
the 100km regional scale of observations, and exposed coast reef systems at Jervis Bay that are under-
represented in the current monitoring program. These gaps should be filled as a top priority.
Monitoring must occur at these spatial and biogeographical scales if changes are to be detected
(including species range changes and ecosystem changes) and this knowledge interpreted in the
context of regionally specific system function. The data collected needs to be informative of changes
in the variety of species that represent biodiversity, key fishery species, key system drivers and key
impacts of system change. Hence, it needs to be comprehensive in species coverage and include
habitat forming species such as macroalgae and endemic species at risk of loss. The current
methodology in use for MPA and reef health monitoring in the temperate Australian states is
appropriate to this task and provides a sound baseline from which to detect further change. This
methodology is described in detail in a section below. Ideally such monitoring would occur on an
annual basis to establish baseline variability, however, recognising that resources are limited, such
monitoring would need to be at a maximum of five year periods to allow for temporal trends to be
detected and reported as part of an integrated reporting framework incorporating climate change
metrics into the State of Environment reporting.

To provide improved range edge detection within the 100km scale of MPA related surveys, additional
surveys at regular spatial scales (10km scale) undertaken by Reef Life Survey or state agencies would
also need to be undertaken at 5 year time scales, given the urgency of our need to understand the
consequences of climate change on marine systems and to be able to implement adaptive measures in
a timely way.

One final essential gap that needs to be addressed as a top priority is to undertake a comprehensive
survey of macroalgal species abundance by latitude to allow range/abundance envelopes to be fully
developed for algae in addition to the fish and invertebrate analysis undertaken for Objective 4. Our
ability to do this here was significantly constrained outside of Tasmanian waters (where spatial
coverage is comprehensive) as such data was only available for the major MPA locations mentioned
above. Information both from gaps in between locations, and from locations north of Jervis Bay
towards the northern range limits of temperate algal species is necessary to describe range/abundance
envelopes and predict consequences of warming. Developing this understanding further is particularly
needed given the enhanced vulnerability of macroalgal species to future warming due their high level
of endemism in the cool temperate zone and restricted ranges, relative to many other Phyla.

For analysis of information collected as part of this integrated monitoring framework, an essential
component is the development of a common database format, enabling shared access to data between
state agencies, and the ability to provide regular reporting. Much of this reporting can be automated,
as occurs for Victorian MPA surveys, and readily adapted to incorporate specific reporting for climate
induced patterns, including changes in indicator species. Typical outputs would simply be reports of
the extent of change in species abundances by latitude through time (including northern range
contractions as well as southerly extensions), and identification of system level changes and
interactions with levels of protection (e.g. MPAS). These could either be incorporated into routine
MPA reporting, or specifically tailored towards climate response management needs, including input
into regional plans and stock assessments. Apart from reporting of clear ecological changes associated
with warming processes, this process could include the data analysis protocols developed for
Obijectives 1 and 4 in this report, as well as tracking indicators of change identified in Objectives 1
and 3. Further improvement in our knowledge of species abundances at range edges will increase our
understanding of rates of change via extinction models, our species distribution curves used for future
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range predictions, while indicators such as functional trait richness and functional diversity will assist
in detecting overall assemblage change in response to warming.

Reporting metrics include the velocity of species movement, loss of endemic species within their
range, changes in key ecosystem species such as urchins and lobsters, and habitat metrics such as kelp
cover and algal diversity. Ideally reporting would be guided by the a regional management group and
on the basis of a national standard database for sharing data across jurisdictions, with funding from all
agencies involved in climate change adaption and State of Environment reporting. The metrics above
should provide most of the knowledge needs of management agencies with respect to habitat loss,
changes in key species abundances following management intervention, and benchmarks of ecosystem
condition and the status of threatened species.

Costs: Given that the MPAs in NSW, Victoria and Tasmania (e.g. Port Stephens, Jervis Bay,
Batemans Bay, Cape Howe, Kent Group, Wilsons Prom, Maria Island, Governor Island, Port Davey,
Port Phillip Heads) can be accessed and surveyed by relatively small dive teams, the actual cost on an
annual basis, of a SE Australian climate-focussed monitoring program can be estimated with regards
to maintaining an adequate level of replication. The review of Keough et al. (2007) suggested that
following an initial time period to obtain estimates of natural variability, MPA monitoring in
Victorian waters would be well informed by a rotating series of bi-annual surveys. Under that
assumption, and that a climate change program would have similar requirements, costs can be roughly
estimated. The average field program is two weeks (ten field days) for large MPA for monitoring,
resulting in twenty weeks of time in total (equivalent to eighty staff (FTE) weeks of fieldwork,
$190k), plus data entry time ($80k), and field costs for vessels, vehicles and accommodation. This
would be estimated at a similar cost ($1000 per day for vessel and vehicle costs, $500 per day for field
accommodation and meals), with a total of approximately $150k for field costs. That would equate to
$420k across SE Australia for a typical bi-annual survey with sufficient spatial and temporal
replication, excluding costs associated with reporting. In addition that would be ideally matched by
the decade scale “reef health” projects such as the 2005/6 Tasmanian project, with a budget of $330k
to undertake a more comprehensive spatial coverage of reef systems. Similar costings would apply to
both Victorian and NSW projects if matching spatial surveys were planned to provide extensive
coverage for the SE region of these States. Reef Life Survey costs are more difficult to assess,
however, it is anticipated that they would be approximately half the cost of state agency based
surveys, and provide the additional spatial coverage necessary to track range edges.

In that sense, we have a good indication of the costs of current monitoring programs (both
Government and RLS). Clearly this work is synergistic with current research focussed on MPA and
biodiversity management in a range of Temperate Australian states. In that respect such monitoring
programs are a shared responsibility between a range of State and Commonwealth agencies, which
will hopefully mean, that if they are identified as priority areas to support, a range of synergies can be
found, and cost savings made. One of these relates to analysis protocols. We would suggest that a
common database across temperate states be maintained, from which particular species abundances
could be extracted and tracked through time by management agencies and their associates research
staff. The IMAS SQL database structure, species lists, traits tables etc are available to any interested
agencies as a framework, and hopefully will assist in establishment of a common framework.

Detailed description of standard survey methods.

The underwater visual census methods described here are those currently in use in Tasmania,
Victoria, New South Wales, South Australia and Western Australia for assessing population structure
and biodiversity on temperate reef systems. The methods were originally developed for assessing the
effectiveness of Tasmanian MPAs (Edgar and Barrett 1997, 1999), and based on commonly used
techniques (e.g. Russell, 1997; McCormick and Choat, 1987; Lincoln Smith, 1988, 1989) to ensure
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compatibility of datasets within Australasia. The suitability of this methodology for assessing the
magnitude of biotic change in temperate MPAs was an objective of this study and the subject of a
FRDC sponsored workshop in 1999 (Barrett and Buxton 2002) and has been further reviewed by the
Victorian government Department of Natural Resources and the Environment (NRE) as part of their
commitment to long-term monitoring of Victorian MPAs (Keough et al. 2007; and Power and Boxall,
2007). Both the FRDC workshop and the NRE review found these methods to be appropriate for the
purposed discussed above. The methods described here have been developed within the framework of
being non-destructive (for use in MPAS) and gathering as much data as possible on a wide range of
species, including fishes, invertebrates and macroalgae. This broad census of biota allows changes to
be examined at the species level (for fished, bycatch or key species) and more widely at the
biodiversity and ecosystem levels. As information was required on the abundance of fish,
invertebrates and macroalgae, three different census methods were used to obtain reliable quantitative
abundance estimates on these widely differing groups. At each reef site, the abundance and size
structure of large fish, the abundance of cryptic fishes and benthic invertebrates, and the percentage
cover of macroalgae were censused separately.

Suprabenthic Fishes

The densities and sizes of suprabenthic fishes are estimated at each site by laying four 50m transect
lines along the 5m depth contour and recording on waterproof paper the number and estimated size of
fish observed by a diver while slowly swimming above the algal canopy along the centre of a 5m wide
swathe up one side and then down the other side of the line. A total of 4 x 500m? transects are thus
censused for large fish at each site. Fish sizes are recorded in size categories: 25, 50, 75, 100, 125,
150, 200, 250, 300, 350, 375, 400, 500, 625, 750, 875 and 1000+mm. Calibration of size estimates is
based on comparison of observed fish lengths with a scale-bar on the underwater slates carried by
divers. Care is taken to minimise the duplicate counting of individuals, especially fishes obviously
attracted to the divers.

Invertebrates and cryptic fishes

Invertebrates and cryptic fish are censused along the same transect lines (four 50m lines) established
for the suprabenthic fish surveys. A diver thoroughly searches the seabed for a distance of 1m from
the transect line, investigating all visible crevices and overhangs but not overturning boulders. The
distance of 1m is measured by a 1m length section of conduit carried by each diver. This also aided in
the capture of lobsters. Macroalgae are swept away from the transect to obtain a clear view of
thesubstrate. Most mobile megafaunal (approximately >20mm length) invertebrates are counted,
including decapod crustaceans (crabs, rock lobster and hermit crabs, but excluding shrimps), large
gastropods (whelks, tritons, abalone), selected mobile bivalves (scallops, excluding mussels and
oysters), octopus, crinoids (feather stars), asteroids (seastars), echinoids (sea urchins) and
holothurians (sea cucumbers). Other invertebrates such as annelids (worms), polyplacophorans
(chitons), shrimps and ophiuroids (brittle stars) were not counted as they were mostly cryptic and too
numerous to be properly counted in the time available per survey. For abalone the maximum shell
length of each animal is measured in situ to the nearest mm with callipers, until at least 20 abalone
have been measured on each 50m transect. The carapace length of lobsters is also measured where
possible. Measurements are restricted to lobsters greater than 30mm carapace length and to situations
where the animal could be captured and handled without damage. Where lobsters cannot be captured,
estimates of carapace length are obtained by holding callipers as close to the lobsters as possible.

Macroalgae
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The percentage cover of macroalgal species and encrusting invertebrates (sponges, ascidians,
octocorals, bryozoans) are quantified by placing a 0.5 x 0.5m quadrat at 10m intervals along the four
50m transect lines and estimating the percent cover of the all plant species in each quadrat. Twenty
guadrats were thus sampled per site. The quadrat is divided into a grid of 7 x 7 perpendicular wires,
giving 50 points (including one corner) per sample position, under each of which the cover of each
species present is recorded. Initially the cover or overstorey species is recorded, and then theseare
swept aside exposing the understorey species for counting. Point-counts are recorded for each lowest
identifiable taxon, usually to species level. Unknown or unidentifiable species are assigned functional
categories including: ‘unidentified structural reds’, ‘unidentified erect corallines’, ‘encrusting
corallines’, ‘unidentified filamentous reds’, ‘unidentified filamentous browns’ and ‘unidentified small
browns’. The percentage cover of sessile invertebrates is also counted (at Phyla level, e.g. ascidians,
sponges) as well as the nature of substrate cover (e.g. encrusting sponge, bare rock). Where bare rock
is clearly caused by urchin grazing and quadrats return zero counts of algae, they are scored as Urchin
Barrens.

Site protocols

The location of each site is recorded and determined by GPS and depth sounder, once a suitable extent
of ref (usually at least 200m in length) is located. The boat anchor is usually used to mark the position
of the site. Starting at the anchor a diver then swims out a 100m transect line in each direction along
the 5m depth contour, thus a 200m length of transect line is established which is subdivided into four
50 m segments for the purposes of the census. After the transect is established the diver swims away
from the line for 10 minutes to minimise interaction with fishes attracted to the disturbance, then
counts fishes as described previously. Once the fish counts are completed, transects are searched for
invertebrates and cryptic fish, with the algal census usually being conducted concurrently by separate
divers. Using this method, between two and three sites can be surveyed each day.

In Summary,

The optimal, and most cost-effective approach for monitoring programs to best inform adaptive
management via delivery of up-to-date relevant information, is to build upon current initiatives for
MPA and biodiversity monitoring within the SE Australian, and more broadly in temperate Australia.
These programs are currently in place in many jurisdictions, use a common monitoring methodology,
have appropriate spatial coverage to inform changes occurring at regional scales, and allow regional
differences in ecosystem function to be accounted for. Moreover, they also often include a pre-
existing time series to allow earlier recognition of climate induced changes, and have contrasting
fished and protected sampling designs to detect fishing and climate interactions where present, such
that management responses may be informed and implemented if such interactions are deleterious.
With a clear need to incorporate results from multiple regions and states into a common climate
reporting framework, linking results of monitoring programs through a common database structure
may significantly facilitate analysis and reporting of changes as they occur.

In that sense, the locations to best base monitoring programs are the regionally significant MPAs, as
these offer multiple benefits from such programs, and engage multiple management agencies, linking
conservation and resource management in a common framework for responding to climate change.
Additional sampling via identical methods (as utilised by RLS for fishes and mobile invertebrates) is
needed at a range of spatially distributed locations between, and to the north of the extent of the MPA
locations, to describe, and track, changes in species distributions. There are no identical sites for
these, only that sites chosen encompass the range of habitats typical of our coastal systems. Ideally
these would include comprehensive quadrat-based algal surveys, as algal abundance by latitude data is
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not comprehensive for this region, despite the algal diversity richness and endemism that may place
many species at risk in the future.

No clear species arise with respect to indicators to track other than Centrostephanus, but rather an
optimal approach is to focus on describing the overall assemblage at each location, detecting changes
via community indicators based on ecological traits. This more broad brush approach also allows
regionally specific responses to be described and detected without picking winners that might not
prove to be the case. However, the regional (latitudinal) predictions of likely future changes in
abundance produced for Objective 4 give guidance to the likely set of individual species that would be
reported against in future outputs of climate-related monitoring programs.

The likely application of these approaches to management includes:

1. Improved detection of range shifting species;

2. Description of functional change in ecosystems that may arise from such species changes;
3. An indication of the rates of change that occur through time;

4. An indication of the spatial distribution of changes, likely changes, and the mechanisms
underpinning this (e.g. Kent Group responding very differently to Centrostephanus than Wilsons
Promontory or Maria Island);

5. An indication of the extent that these changes might impact on current fisheries and adaptation
towards developing new fisheries;

6. An indication of the extent that fishing or other human activities interact with climate change, such
that fisheries and conservation agencies can develop adaptive responses towards maintaining healthy
ecosystem function and productivity if such interactions are deemed to be deleterious and preventable
(e.g Centrostephanus barrens in NE Tas).

Objective 3: To assess the costs and benefits of existing temperate Marine Protected Areas for
biodiversity-conservation management in response to Climate Change and evaluate the robustness of
adaptive management frameworks given uncertainty in predictions.

This objective was approached from a number of perspectives. We initially explored changes through
time in a range of temperate SE Australian MPAs. However, as with Objective 1, we required a
lengthy and continuous time-series to be able to document species relationships with climate, and to
untangle interactions with fishing activities to the extent that relationships with biodiversity could be
effectively explored and described. The analysis undertaken for Objective 1 indicated that at this stage
in time, Maria Island was the only dataset of sufficient length and temporal replication to allow clear
patterns to be determined. So one clear point, even at the early stage of analysis, was that we cannot
fully evaluate the benefits of MPAs for biodiversity management without a matching long-term
monitoring program in many of these, and the patient continuation of these programs to allow this
evaluation to be made at some point in the future (a typical minimum time may be twenty years in
many cases).

Ecological changes arising in MPAs are often slow, but do accumulate through time, as documented
in a range of recent studies and analysis from a wide range of short to long term MPAs (e.g. Babcock
et al., 2010; Edgar et al., 2009; and Edgar and Barrett, 2012). This waiting period is a real “cost” of
utilising the MPA approach to evaluating ecological relationships, but the flipside is that the benefits
include that it is the only way of effectively untangling fishing related relationships with biodiversity
under a changing climate. Unfortunately, as most of the no-take MPAs in the SE Australian region
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have only recently been proclaimed, monitoring in these rarely exceeds ten years following protection,
and for many this is even less.

To that extent, we focussed the majority of our analysis on the one available long-term dataset (the
data-rich Maria Island dataset) as a model case study approach. This analysis examined to what extent
a fishing-related interaction with biodiversity could be detected fish assemblages in a well-established
MPA, and what lessons could be learned with respect to the role MPAs might play in both informing
adaptive management strategies, as well as MPAs themselves being a part of such strategies through
spatial management. The bulk of this analysis has been published in Nature Climate Change Paper
(Bates et al., 2014) and the associated extensive analysis that went with that is published as
supplementary material. Much of the analysis and discussion of this are presented in Appendix ii of
this report, and therefore are simply summarised here in this section.

This analysis made a number of important discoveries. Firstly, it documented that at least in this case
study fully protected areas can have some resilience to climate change when contrasted with adjacent
fished coastlines. It is therefore the first “marine diversity” focussed study to demonstrate the
otherwise theoretical understanding that no-take MPAs should offer some “resilience” to climate
change related tropicalisation. Reserve sites were distinguished from fished sites by displaying greater
stability in some aspects of biodiversity, recovery of large-bodied temperate species, resistance to
colonization by subtropical vagrants, and less pronounced increases in the community-averaged
temperature affinity.

The study quantified changes in community structure using six metrics of richness and diversity.
These include the traditional approaches of species richness and abundance-weighted diversity but, in
a novel approach, also considered the richness and diversity of functional traits among individuals, to
illustrate new aspects of diversity. This trait-based approach is discussed in Objective 1, and is a
unique application in the context of long-term community change. In addition, because increasing
individual body size is a well-documented reserve effect, we also calculated biomass-weighted species
(SDb) and functional diversity (FDb). The functional metrics we developed and tested are based on
ten traits, representing thermal physiology, life history strategy, feeding ecology, behaviour, habitat
use and geographic range breadth. For each metric, we tested for differences between reserve and
reference sites in mean values and patterns of variability that may reflect physical parameters
associated with climate variability and long-term change. Overall, mean