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What is happening

A recent analysis of herbarium records back to 1940s suggests temperate
seaweeds on both east and west coasts of Audieal@retreated south 10-50 km per
decade as waters have warmed. A recent extremeimguexent (marine heatwave)

in Western Australia caused substantial changesetaveed habitats, including a
reduction in large habitat forming species. In easiTasmania, a substantial decline
in algal habitat is associated with southward egmanof a grazing sea urchin aided
by the strengthening of the East Australian Curegnt warmer temperatures.

What is expected

Warming will reduce the resilience of macroalgabikats to other stressors such as
pollution. Temperate species will contract theinges southwards and tropical

species expand their ranges further south. Manyeeate species, found only in

Australia, are at risk of extinction in the nextB00 years. Extreme events (storms,
heat waves, etc) will increase in frequency andmitage and drive shifts in species’

distributions and interactions.
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What we are doing about it

IMOS Autonomous Underwater Vehicle Facility willgside long-term monitoring
of water properties and temperate reefs at keytitmtain Qld, NSW, Tas and WA.
Several research projects focusing on climate achamgl temperate macroalgae are
under way. These focus both on establishing thgeasf impacts as well as the
mechanistic relationships which drive impacts ahelte change.

Introduction

The Australian continent is bounded to the souttaligmperate coastline more than
twice the length of the Great Barrier Reef. It dtas three biogeographic provinces
(Waters et al. 2010) where rocky reefs dominatedriagroalgae (seaweeds) are a
defining feature throughout (e.g., Underwood etl801, O'Hara 2001, Wernberg et
al. 2003, Connell and Irving 2008, Smale et al.®01

Australia has one of the most species rich andrercdeemperate algal floras in the
world (Bolton 1994, Kerswell 2006), and it contribs substantially to the unique
biodiversity of the Australian continent. Climatstability over geological time has
been one of the key conditions mediating the euaiubf this unique algal flora

(Phillips 2001, Kerswell 2006), and given the cotreate of global climate change
there is now serious concern for its continued terse (Johnson et al. 2011,
Wernberg et al. 2011b). However, it is not only thediversity of algae themselves
that is under threat; macroalgae are foundationispé¢hat facilitate the existence of a
myriad of equally unique associated marine lifer{@al 2003, Wernberg et al. 2005,
Coleman et al. 2007, Ling 2008, Tuya et al. 2008)pacts of climate change on
macroalgae are therefore likely to have dispropodiely large ecological

consequences across entire temperate marine esosyst

The previous assessment concluded that there a eledence that organisms on
temperate rocky reefs are vulnerable to the diasxt indirect impacts of climate
change, and that observed responses to date gedylaronsistent with increasing
ocean temperature (Wernberg et al. 2009). In pdatic it was found that the
poleward extension of the East Australian Curremd associated increasing water
temperatures have caused a poleward range shiftsdéar urchins, leading to
overgrazing and loss of algal habitat (high conf, habitat forming algae (low
confidence) and invasive species (low confidencekastern Australia. Very few
changes attributable to climate change had beemded on the south and west coasts
(low confidence). These changes were discussedare rdetail in Johnson et al.
(2011) and Wernberg et al. (2011b). Here we uptlese assessments, reporting on
observed changes in temperate marine macroalgadhairdinteracting ecological
systems, directly or indirectly related to climatenge.

Observed impacts

Multiple stressors
A key finding of the previous assessment was thaiost all observed impacts
possibly related to climate change in temperatetralis (and internationally)
involved multiple stressors. For example, lossesdeclines of habitat forming
macroalgae over the past decades were attributethisiorical overfishing of
herbivore predators (Ling et al. 2009), pollutiovdaeduced water quality associated
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with urbanization (Coleman et al. 2008, ConnelleR008). Similarly, changes to the
distribution and abundance of fishes in southeasiasmania have been attributed to
a combination of climate change and fishing presguast et al. 2011). While all of
these changes have been observed over a perioteasé warming (Pearce & Feng
2007, Ridgway 2007), the direct link to climate e is circumstantial in all cases
except for overgrazing by range-shifting urchinsTiasmania. As highlighted in
recent reviews (Johnson et al. 2011, Wernberg. &04dl1b, Russell & Connell 2012),
the lack of strong links to climate change is polysdlue to a combination of the fact
that multiple stressors, interacting across digpaspatial and temporal scales, have
been increasing in intensity concomitantly and tbinate change rarely is the
proximate cause of impact. Compounding this isféoe that, relative to many other
regions of the world, historical baseline data splaort time scales, and so provides
only a partial picture of scales of natural tempovariability. To that end,
understanding how climate change might have altaretbrlying ecological patterns
and processes remains a challenge. Spatially-exéerssirveys conducted across
temperate Australia in the last two decades wilphe alleviate these difficulties in
the future (e.g., Stuart-Smith et al. 2009) as whié long-term continuation of
recently established broad-scale monitoring prograof. the AUV program
mentioned in section 9. Current and planned rebegffort).

A recent study in Western Australia showed how piiggical adjustments (an
individual-level effect) in habitat-forming kelpg£cklonia radiatg in warm water
resulted in lower resilience of the kelp bed (aitaddevel effect) to additional
perturbations (Wernberg et al. 2010). This studymportant because it provides a
mechanistic framework for understanding how climabange, through sub-lethal
stress associated with slightly elevated mean testyre, can increase ecosystem
vulnerability to multiple stressors.

Temperature
The best documented environmental change is thmpdmtures have increased
substantially over the past ~5 decades (Pearcen§ E607, Ridgway 2007). Despite
these well documented physical changes, thereillsrefatively little consistent
evidence for impacts on macroalgae and associaetperate reef organisms.
Previously, Millar (2007, 2009) suggested that salvepecies of large brown algae
had retreated south on the east coast of Australr@sponse to warming. A more
recent quantitative analysis of temperate macreatya both sides of the continent
supported this contention, and indicated flora-wedlanges at the tropical-temperate
boundary on both coasts as well as median southsVaitd across the temperate flora
in the order of ~10-50 km per decade (Wernberd.&t0d.1a). The findings of Millar
and Wernberg et al. are, however, based on anéaladence and herbarium records,
and need verification by field collections (seeoais1 Amount of evidence). In any
case, the latter study also highlighted how the-wast orientation of Australia’s
temperate coastline predisposes flora and faurmmtiential species extinctions from
southward shifting isotherms. Importantly, this lggpnot only to macroalgae but all
organisms associated with temperate, shallow saildtabitats.

Intertidal invertebrates, which can interact witidgotentially control the abundance
and distribution of macroalgae, have also beenddarshift south at a rate of ~30 km
decade around Tasmania (Pitt et al. 2010). In astitno or only few changes were
seen towards the northern end of the temperate @otlee east coast (Poloczanska et
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al. 2011). Several species of herbivorous fislt&se(la tricuspidata, G. elevata, G.
tricuspidata, G. zebra, Aplodactylus lophodon angpkosus sydneyanubave also
shifted south around Tasmania, some up to 200 koafSSmith et al. 2009, Last et
al. 2011).

A key unknown, however, relates to the fact thateases in temperature are often
associated with changes in other environmentahisles, such as decreased nutrients
or increased salinity. This is particularly reletéor southeastern Australia, where a
strengthening of the East Australia Current haddediecreased nitrate concentrations
and increased salinity, in conjunction with incegsemperature (see Johnson et al.
2011). Thus, teasing apart the effects of multghigers, and examining interaction
effects and possible synergies, is crucial for raadtic understanding of ecological
change.

Atmospheric CO,, pH and aragonite saturation state, sea- level gsand other
climate change factors

Factors other than increasing ocean temperatunes lad no observed impacts on
macroalgae and other temperate marine organisastralia. This lack of observed
impacts may stem from two issues. First, theregsreeral lack of both historical and
contemporary data on how ecological processesrtatcean phh situ. This means
there is no base-line with which to assess if chartave already occurred, and a new
baseline is not being established for the assedsofiéature changes. Second, under
future climate change scenarios, ocean pH is petlito drop another 0.3-0.4 units
by 2100. Given that many marine organisms appeaffested by changes of this
magnitude, at least in the short term (Hendrikal €2010, Wernberg et al. 2012a), the
direct effects of ocean acidification on temperatarine ecosystems may not be
realised for the next 40-100 years.

Calcifying algae such as encrusting or articulatedhlline algae are among the most
abundant and widespread organisms on subtidal roeddg (Steneck 1986). On the
temperate coast of southern Australia, crusts ocaypto 80% of hard substrate,
dominating space beneath canopies (Melville & CHri2@01). Recent experimental
work in Australia has shown that acidification asated with conservative
projections of future C®concentrations (550 ppm) will have negative effemt the
growth and recruitment of coralline algae (Russelal. 2009, Russell et al. 2011).
Furthermore, increased [GOand temperature have greater negative effects in
combination (~ 700 ppm and 3°C, respectively) tlansolation (Mediterranean
coralline algae, Martin & Gattuso 2009). Howevegrenstudy on temperate coralline
algae and macroalgae is required because recekton@ome tropical algae suggests
that the effects of declining pH are likely to lpesies-specific and related to mineral
composition of the algae, morphology, metabolic cpeses and environmental
characteristics such as light conditions and wibev (Hepburn et al. 2011, Hurd et
al. 2011, Nash et al. 2011, Cornwall et al. 2012).

In contrast to coralline algae, elevated Cay have little negative or even positive
effects on non-calcareous algae (Beardall et &818onnell & Russell 2010, Russell
et al. 2011). There is still debate on whether aasmg [CQ will enhance
productivity in marine algae. Most marine algae éhawarbon concentrating
mechanisms (CCMs) which allow them to use bicarbrfar photosynthesis,
meaning that photosynthesis is carbon saturatedregnt concentrations. In the past,
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general consensus within the literature was thgaealith CCMs will not increase

productivity under future conditions (see reviewBwsardall et al. 1998), but there are
an increasing number of studies showing that ephenfast growing algae respond
positively to increased [C{ when in combination with other factors (e.g.,
temperature, Connell & Russell 2010, elevated ents, Russell et al. 2009,

Falkenberg et al. 2012). If these normally epheimaigae become persistent, the
likelihood that they will displace larger canopy+fiing algae is increased in locations
in which these are susceptible to bloom (Harley @@ell 2009). In any case, there
are substantial knowledge-gaps in our understandihdiow macroalgae might

respond to changes in ocean pH, including theabhaetabolically driven short-term

fluctuations in pH in buffering or exacerbatingneéite induced changes (Hurd et al.
2011).

In addition to direct effects, ocean acidificatioan also result in strong indirect
effects via alterations on species interactions. ikstance, ocean acidification can
interfere with chemically-mediated interactionsvibtn coralline algae and settling
corals (Doropoulos et al. 2012), or inhibit kelpo(@ell & Russell 2010) which

suggests that future recruitment of habitat fornmspgcies may be impaired by €0

concentrations predicted to be reached this centsiryce temperate invertebrates
such as sea urchins and abalone also respond naazhecues from coralline algae,
these taxa are also expected to be influencedilifiaation, and this is likely to have

cascading effects to algal-dominated communitigs. addition, alterations to

herbivory may cause restructuring of systems shahdlterations to consumption are
unlikely to occur independently of production (Cefinet al. 2011). These

combinations are likely to cause synergies betwkeators that remain largely

unexplored, but for which we have some insightsnf@&l et al. 2011).

Finally, trophic dynamics in temperate algal comitiesa can also be strongly
influenced by acidification through alterationstbhe detrital food chain. For example,
higher CQ conditions can indirectly inhibit marine decay geeses, delaying access
to recycled trace nutrients, which may be disruptiy the seasonal regrowth of algae
and/or higher trophic levels of nearshore ecosystdBwanson & Fox 2007).
Moreover, any losses of subtidal canopy specidshaile important cascading effects
on other communities subsidized by algal detriisHop et al. 2010).

Storm-driven waves
Storm-driven waves are an important source of hstuces to temperate reef
communities (e.g., Seymour et al. 1989, Reed &(l1), and wave exposure is well
known to control macroalgal habitats, productivitlgd community structure (e.g.,
Phillips et al. 1997, Goldberg & Kendrick 2004, \Weerg & Connell 2008,
Vanderklift et al. 2009, Reed et al. 2011, Thomsbal. 2012). Overall, wave heights
have increased significantly over the past decatlegveral locations off Australia’s
temperate coastline (Young et al. 2011, Bosseetldd. 2012) however to date, there
have been no reported observations of impactdataidle to these changes. It is
possible, to some extent, to predict the structfrecological communities under
intensified wave action by examining existing expesgradients (e.g., Hill et al.
2010), although altered frequency and magnitudéexiteme events’ are likely to
affect communities in non-linear ways. Internatiostudies suggest that climate-
driven loss of macroalgal canopies to waves may lcagcading effects on associated
ecosystems and food webs (Byrnes et al. 2011). Gontyawide impacts of loss of
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temperate macroalgal canopies can linger for masgrsy even without climatic
stressors (e.g., >8 years, Schiel & Lilley 2011 ancreasing temperatures are likely
to exacerbate these effects by suppressing recowener (Wernberg et al. 2010).

Extreme events
Climate change not only causes changes to the meaditions, but also the
magnitude of variation around the mean: the frequesf extreme climatic events
(droughts, floods, heat waves, etc.) has beenasgrg globally as a consequence of
climate change, and this trend is expected to goatand intensify (Kerr 2011). A
recent global analysis of sea surface temperaftwesthe past 30 years has revealed
a 38% increase in extremely hot days in coastaémsgLima & Wethey 2012). Such
heat waves have also been evident in temperatealastduring the early parts of
2011 southwestern Australia experienced a ‘marieat twave’ of unprecedented
magnitude and duration. Ocean temperatures alof@6Xkm of coastline soared to
3-5°C above normal and remained substantially eleviateseveral weeks (Pearce et
al. 2011). For example, in Cockburn Sound — on¢heflargest and most valuable
embayments in Australia — significant warming tgtths of 20 m persisted for ~8
weeks, while dissolved oxygen levels were alsoatedl (Rose et al. 2012). The event,
which caused the highest thermal stress anomalias least 140 years (Wernberg et
al. 2012hb), was driven by exceptionally strong LidaNconditions superimposed onto
a longer-term trend of increasing temperatureshi@ tegion, and affected only
Western Australia. During and immediately after ¢lvent there were many anecdotal
observations from temperate waters of species §uilynfishes and conspicuous
animals such as turtles) outside their normal rarfBearce et al. 2011) but so far only
limited systematic and quantitative observationwvehdeen carried out. Visual
observations made by an Automated Underwater VeHiUV) at the Houtman
Abrolhos Islands (28.435), at the transition between tropical and tempenaters,
indicated negative effects on both corals (bleaghand temperate seaweeds (kelps,
Ecklonia radiat3, which were covered extensively by epibiotic fogl (presumably
encrusting coralline algae) (Fig. 1, Smale & Wergb2012, Smale et al. 2012).
There were also reports of die-offs of abalone @glitve central west coast (Pearce et
al. 2011), and ongoing work suggests ecosystem-witgacts with declines in
canopy-forming algae (both kelps and fucoids) dnfissin fish communities towards
more warm-affinity species (Wernberg et al. 201dbiebacks of canopy-forming
roalgae in Australia have previously been assatiatéh of warm water events:
unusually high summer temperatures for an extendedod during summer
2000/2001 caused a substantial declin&cgklonia radiataand Phyllospora comosa
canopies in Tasmania (Valentine & Johnson 2004) dieback facilitated the
establishment of the invasive macroalddedaria pinnatifida Interestingly, only
small disturbed areas recovered to native algagesbkdarge areas showed no signs
of recovery (Valentine & Johnson 2004). This examplemonstrates how
temperature-induced disturbances can mediate additiimpacts (e.g., species
invasions) and how the scale of impact has impoitaplications to resilience and
recovery.
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Figure 1. Bleached coral (a, Montipora sp.) and heavy bidif@uof kelp (b, Ecklonia radiata) was
observed at the Houtman Abrolhos Islands in A@i 2, following a severe marine heat wave off the
west coast of Australia (images modified from SréaW¢ernberg 2012).

Access to existing databases from government-fumdeditoring programs would
provide a unique opportunity for rigorous ‘beforfeed evaluations of the impacts of
an extreme event. Given the unprecedented tempaodatpatial scale of this extreme
event, such comparisons would be extremely infareatind this should be
considered an immediate priority.

Ocean currents and population connectivity

A critical, yet understudied component of climatamge is how predicted changes to
ocean circulation patterns will influence conneggivof marine organisms. Ocean

currents are key factors driving patterns of disperand connectivity of marine

organisms including macroalgae (e.g., Banks (10, White et al. 2010, Alberto et

al. 2011, Coleman et al. 2011a, Coleman et al. R0Ahd predicted changes in
current strength, extent and meso-scale featurdgrufuture scenarios of climate

change will have significant implications for howgulations of marine organisms
are connected in our oceans.

Australia’s boundary current systems are predi¢te¢hange in contrasting ways
under future scenarios of climate change and thesmtions in oceanographic-
biological coupling will have critical implication®r connectivity of macroalgae and
other marine organisms. The Leeuwin Current andxtension has weakened by 10-
30 % in the past 50 years (Feng et al. 2004) apdedicted to weaken a further 15%
by 2060 (Sun et al 2012), although strong decadahtiton has been observed in the
current system (Feng et al. 2010). In contrast,Bast Australian Current has been
steadily increasing in strength (Ridgway 2007, dillal. 2008) and is predicted to
further increase by 12% in the core transport, 2% in the poleward extension by
2060 (Sun et al. 2012). Given that macroalgal cotiwvigy is correlated with current
strength (Coleman et al. 2011b), this is likely ressult in even greater genetic
connectivity along the east coast and further destng connectivity along the
western and southern coastlines (Coleman et al9,200leman & Kelaher 2009,
Coleman et al. 2011a, Coleman et al. 2011b). Thishave implications for critical
population parameters such as genetic diversibyesgding and adaptive ability which,
combined with concurrent climate induced stressoh as increases in sea surface
temperature and acidification and current-mediad@de expansion of grazers (Banks
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et al. 2010) may compromise the dynamics and fanetg of populations of marine
macroalgae along Australia’s temperate coastliariiberg et al. 2011b).

Climate change and species interactions
Evidence increasingly shows that some of the megere consequences of global
change are not caused by direct effects on indalidpecies, but rather by changes to
ecological processes and interactions between espddiraill et al. 2010, van der
Putten et al. 2010, Kordas et al. 2011). Climateliated changes in biotic
interactions often occur as a consequence of simftgpecies ranges, which either
disrupt existing interactions or create new onesmwspecies differ in their ability to
track a changing climate through dispersal (Ber@le2010, Gilman et al. 2010).
Since climate-mediated rates of spread of marieeiep are over a magnitude greater
than for terrestrial species (Sorte et al. 2010yine communities are especially
vulnerable to shifts in species interactions. Thisompounded by the fact that higher
trophic levels are often more sensitive to climatange than lower levels, leading to
important alterations to food-web structure andsgstem function (Voigt et al. 2003).
For example, increasing temperature increasesgpatacnteraction strength between
Sargassunand amphipod grazers, reversing the positive deffect of temperature
on plant growth (O'Connor 2009).

In temperate algal forests, alterations in herl@valgae interactions have already
mediated some of the most dramatic impacts of ¢érohange observed to date. Two
examples stand out here: one is the spread of thenwemperate sea urchin
Centrostephanus rodgersito Tasmanian kelp forests, driven by the inticetion

of the East Australian Current and concurrent digiting of urchin predators (rock
lobster,Jasus edwardsii(Johnson et al. 2005, Ling et al. 2008) and tesyin the
deforestation of large sections of Tasmanian casstescribed above. A second stand
out example is the westward spread of herbivorowgpidal fish into the
Mediterranean, which has led to the large-scalepgisarance of canopy-forming
algae from much of the benthos of the eastern Meditean (Sala et al. 2011). In
intertidal systems, temperature-mediated changdhedncommunity composition of
grazers have also been recorded in the Britishs,Isdd models based on these
observations similarly predict a decrease in prinfaioduction by canopy-forming
fucoids mediated by changes in species interac{idawkins et al. 2009).

Of concern for macroalgal forests in the futuréhis range expansion into temperate
areas of tropical herbivorous fishes, which arevared for having high consumption
rates and keeping coral reefs largely free of §igant stands of macroalgae. For
example, the unicorn fishlaso unicornis one of the main consumers of algae in
Indo-Pacific reefs (Hoey & Bellwood 2009), is noauhd in the temperate shores of
Japan (Soeparno et al. 2012) and Australia (Boatlal.e 2007). Critically, the
poleward movement of tropical herbivorous fishepeaps to be occurring at a much
faster rate than any poleward retraction of seawsmedmunities (Wernberg et al.
2011a), with some tropical fish on the east coddAustralia now found more than
1,000 km south of the northern limits (SE Queerdjaof the dominant habitat-
forming temperate kelE.cklonia radiata(Womersley 1987). Similarly, on the west
coast, the 2011 warming event led to an increds¢ivie abundance of warm-water
herbivourous fish (Wernberg et al. 2012b). More kvgrneeded on the susceptibility
of temperate seaweeds to grazing by tropical fisih,changes in species interactions
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in a warming ocean may impact temperate macroatyamunities much sooner than
direct physiological effects.

Disease

In addition to well-studied species interactionglsas herbivory and competition,
marine organisms also interact with microorganismich are abundant and
ubiquitous in seawater (millions of cells per nhiir, Reinheimer 1992). Climate
change can influence disease dynamics by altefireg virulence, abundance or
distribution of pathogens and/or by (simultaneousifecting host susceptibility.
Indeed, the incidence of diseases affecting natpgbulations appears to be
increasing and this has been linked to climate ghamd other anthropogenic impacts
(Harvell et al. 2002). Many symptoms of algal dsesahave been described (Correa
et al. 1993, Correa et al. 1994, Correa et al. 1$2geron et al. 2000) but the
ecological consequences of these infections orralationships between outbreaks
and environmental variables have rarely been asdefssease has been suggested,
although not confirmed, as a possible cause ofodmisdeclines of large, habitat-
forming macroalgae around Australia and New Zealaritie past (Cole & Babcock
1996, Easton et al. 1997, Cole & Syms 1999, Coleetah 2008).

Recently, a bleaching phenomenon affecting the ataiyrdefended macroalga
Delisea pulchravas described as a temperature-mediated baalesedse (Campbell
et al. 2011, Case et al. 2011, Fernandes et all)204 this case, high water
temperatures were linked to a depletion of the'slgaemical defenses (which inhibit
surface colonisation by many bacteria) and an asmen the frequency of bleaching
in natural populations (Campbell et al. 2011). Bleag was induced in the laboratory
under high temperatures in the presence of ambeawater microorganisms and was
reduced through treatment with antibiotics (Camipbtlal. 2011). Several specific
bacterial strains can cause bleachingDinpulchra in laboratory studies, but only
when the seaweed’s production of chemical deferscegperimentally inhibited and
temperatures elevated (Campbell et al. 2011, Fdesaet al. 2011). In one of these
pathogens Nautella sp. R11), virulence genes have been identified aedunder
continued investigation (Fernandes et al. 2011 ))vandence appears to be induced or
increased at higher water temperatures (Case 20Al). Additionally, metagenomic
analyses of bacterial DNA fro. pulchrds biofilm suggest that many bacterial
strains may contain genes that allow them to ‘dwitc a pathogenic lifestyle under
appropriate conditions (Fernandes et al. 2011).

Although the ways in which increasing temperatafésct host defenses and bacterial
virulence are likely to be complex and species+#figedhese findings present an

alarming scenario, in which warming waters may oediine resilience of hosts (e.qg.,
Wernberg et al. 2010) whilst simultaneously enhag@r inducing the virulence of

pathogens. This is particularly the case given dipportunistic pathogens are likely
ubiquitous in these systems, that is, no changesstrnbution are needed for them to
have an impact. Moreover, diseases are also likel\have substantial indirect

ecological effects, for example where non-leth&dtions mediate the formation of

wounds. Indeed, small wounds are abundant on mgamaand they greatly increase
the susceptibility to mechanical damage and meytalbm waves (de Bettignies et al.

2012).
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Far more attention has been given to understandow climate change affects
interactions between coral hosts and their divergeobial pathogens (see reviews by
(Harvell et al. 2002, Rosenberg & Ben-Haim 2002)sifnilarly focused effort is
required to understand host-pathogen interactiomgolving macroalgae, the
temperate, habitat-forming equivalents to corals.

Confidence assessment: observed impacts

Amount of evidence (theory, observations, models)

As a whole, the evidence for impacts of climatenggaon marine macroalgae and
temperate rocky reef organisms in Australia is tei(reviewed in Wernberg et al.
2011b). There are however a few robust examples ffasmania such as the range-
shift of sea urchins and subsequent decimatiorelpf forests, and dramatic decline in
the extent of densiglacrocystisstands as a unique habitat type correlated widamc
climate change (Johnson et al. 2011).

Overall, the majority of observed impacts relatestofts in species distributions.
These observations have been made for a broadyafié¢emperate reef organisms
including macroalgae, invertebrates and fishes, fandnost temperate species, the
observed shifts have been reasonably similar innmade. Additionally, these
changes match well with a large and growing bodyliteirature that document
changes of similar magnitude across spatial temyreregradients for macroalgal
habitat structure (Connell & Irving 2008, Wernbettgal. 2011c), macroalgal species
composition (Wernberg et al. 2003, Smale et al0204nd fish communities (Tuya et
al. 2011, Langlois et al. 2012). While these catireé studies do not constitute robust
evidence for cause-effect pathways, the level ofetative agreement supports the
idea of changing climatic conditions as a commonlenlying driver. Increased
research effort is required to experimentally &t causal links between climate
change factors and biological responses, partigufar temperate macroalgae and
species interactions (Wernberg et al. 2012a).

The biggest challenge to detecting impacts of denthange in temperate Australia is
the lack of historical base line data on both ptglsand biological conditions. This

issue is further compounded by the scale and remasgeof the coastline — there are
simply no existing observations — historical or tsonporary - from large swaths of

Australia’s temperate marine environments.

Several different approaches have been taken tmséutict historical baselines where
no readily accessible data were available for coispas with contemporary data.
For example, Connell et al. (2008) successfullsieeéd data on macroalgal canopies
in South Australia from late-career or retired egshers. This study highlighted
issues with data storage (even electronic mediaq &mrrier to transferring data
through time, and demonstrated how imperative itoiscapture information in a
permanent and accessible form (Connell et al. 20@8her studies have used
anecdotal evidence and natural history collectionsiform on both past and present
distributions (Millar 2007, Last et al. 2011, Weeng et al. 2011a). Even if a
sophisticated analytical framework exists (Shaéfeal. 1998, Tingley & Beissinger
2009), the use of such data is not without problantsthe results must be interpreted
cautiously. Despite this, such data can neverthdbesuseful by providing unique
indications of potential change that will allowtesf specific hypotheses to be tested
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through targeted experiments and surveys. Whiletucag these coarse-scale
historical data is important, just as importantrdbust interpretation of responses to
climate change is a clear indication of ‘naturaledum to long-term temporal
variability in macroalgal community structure inetlabsence of anthropogenically
mediated change in environmental conditions. Theeefew, if any, sites in Australia
where these data are available.

The experimental evidence for how climate changghimaffect marine organisms has
been growing exponentially in the past decadejthatclear that the collective body
of evidence is highly biased (Wernberg et al. 201Far example, <20% of all
experiments tested possible impacts on macropliythsding macroalgae. This is a
serious bias considering the ecological importasfamacroalgae as food, habitat and
shelter for associated organisms. Similarly, italso clear that the experimental
evidence is highly artificial, with very few studiebased on field conditions
(Wernberg et al. 2012a). There is also a growiadjzation that studies must consider
all major ecosystem components, interactions arifiédostages of key organisms such
as habitat forming macroalgae if we are to acclygveedict impacts of climate
change (Russell et al. 2012). Additional field lwhsgork is also necessary to
elucidate interactions between climate change &ffemd other anthropogenic
‘forcings’ (Wernberg et al. 2012a) such as fishifigng et al. 2009), introduced
species (Valentine & Johnson 2004), and eutropbircgiConnell & Russell 2010).
Further, attention to differences in scale of arigf pressure and impact of pressure is
needed to reconcile apparently idiosyncratic défifiees in the strength and direction
of climate impacts (Russell & Connell 2012).

Degree of consensus (high level of statistical agment, model confidence)

The general consensus about the overall impactprajekctions for the future is high.
However, due to the limited direct and unequivoealdence (cf. 6.1) for specific
climate driven impacts, expert opinion has a langgght in this assessment. This
consensus is evident from recent publications, MWide-authored among the major
researchers and research groups working on malingate change issues in
temperate Australia (Poloczanska et al. 2007, Jwhes al. 2011, Wernberg et al.
2011b).

Confidence level

The direct evidence for impacts unequivocally btttrable to climate change is

limited, but there is a high degree of consensusngmesearchers about the overall
changes that have occurred/are occurring, and ihénerefore medium confidence in

what has already happened and what will happemerfuture.

Potential impacts by 2030 (and/or 2100)

* A major threat to eastern, southern and westerrréligsis the loss of diversity in
macroalgae that are endemic to this region. Tenpespecies will contract and
tropical species expand. Many temperate speciestarisk of extinction in the
next 50-100 years.
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Increasing temperatures are likely to reduce teidi@ace of macroalgal habitats to
other perturbations (pollution, fishing, exotic sgs, disturbance), exacerbating
impacts of non-climate drivers.

* Loss of canopy, especially the kdfgklonia radiata and shifts in canopy species
from the endemic Fucales to subtropical and trdmpacies ofSargassunwill
affect benthic community structure that may hawe/fon effects for commercially
important benthic fishery species.

» Connectivity of macroalgal populations will declioe the west coast and increase
on the east coast with forecast changes to bourmargnts. This will result in
potential flow-on effects to population level paeters and macroalgal persistence.

* Increasing temperatures and acidification, decrkasdrient often associated with
warming due to shifts in ocean circulation, andeotktressors may affect the
susceptibility of organisms to disease, or affédet wirulence, abundance or
distribution of microbial pathogens, both of whidan alter host-pathogen
dynamics.

» Diseases affecting natural populations in general medicted to increase with
frequency and severity as a consequence of cliohatege.

* An increase in herbivory mediated by the range esjosm of warm-water species
may reduce the abundance of canopy-forming algak,cascading effects on the
communities they support.

* Ocean acidification may reduce the capacity of liomalgae to recruit and grow,
having implications for invertebrate settlement

* Increasing [CQ is likely to increase productivity in naturallpleemeral species of
macroalgae, leading them to increasingly dominpéees at the expense of habitat
forming species (e.g. kelps).

Recent marine heat waves and urchin invasions sugggional monitoring (e.g.,
using the IMOS AUV facility) should be budgetediyuior decades to create the time
series required to assess change and its driversomplement this national resource,
regional inshore studies on temperate reef ecasgsthat cover degrees of latitude
need also to be fully funded.

Confidence assessment: projected impacts

So far, there have been very few projections afirkutconditions relating directly to
macroalgae and the amount of explicit evidenceery limited. Moreover, predictive
modelling for other organisms in temperate Ausdralich as fishes and invertebrates
(e.g., Cheung et al. 2009, Brown et al. 2010, Cgeatral. 2010) is only just starting
to emerge. Based on evidence from elsewhere andrteegperience, there is a
reasonably high consensus that species distritsutaolh continue to shift south, with
potential declines in the abundance of ecologicafigortant temperate species (e.g.,
giant kelp,Macrocysti$ and a loss of biodiversity through (local) extions. So far,
however, solid evidence is still lacking but scistst are working quickly to fill this
information gap.
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Current and planned research effort

Several projects which focus on climate change terdperate macroalgae are
currently under way. Here we list project titlesdashort summaries.

Impacts of climate change on biogenic habitat-forrmg seaweeds in southeast
Australia (Australian Research Council, DP1096573Johnson & Wright, 2010-
2012): Will examine the synergistic effects of changesbith temperature and
nutrient levels for three key habitat-forming sead&on rocky reefs in SE Australia.
Will assess whether performance of individuals armer parts of species’ ranges is
helpful in predicting responses to climate changecolder parts of a range and,
estimate the heritability of key traits and thus gotential to adapt to climate change.

Effects of climate change on temperate benthic ageblages on the continental
shelf in eastern Australia (Australian Research Concil, FS110200029Johnson,
Holbrook, Barrett, Steinberg, 2011-2013): Will determine present patterns of
physical parameters on the continental shelf inAsEtralia, and predict changes in
both the trend and variability of the temperatungl autrient signal on the shelf.
These data will be combined with observations oitlie communities 0-200 m depth
to, for the first time, develop bioclimate modets gredict changes in key habitats
important for major fisheries and as areas of Higidiversity. Unique data from
experiments will enable testing the efficacy of reat approaches to bioclimate
prediction.

Understanding the global impacts and implications brange-shifting species in
marine systems (Australian National Network in Marine Sciencefrusher, Pecl,
Wernberg, Smale, Tobin, 2011-2013): Will synthesise available data on biological
responses and subsequent human impacts (econamial and governance) across
marine hotspots (including SE and SW Australia) bglty and provide a
comprehensive assessment of the dynamics and atiphs (including socio-
economic) of range-shifting species.

Climatic forcing of ecological function in temperae marine habitats: bridging
the gaps (Australian Research Council, FT110100174Vernberg, 2011-2015):
Will integrate work on past, present and futurelegical change in response to
climatic forcing in temperate marine ecosystemsudd capacity and expand the
theoretical framework needed for successful comdgeny and sustainable use of
marine resources in a changing climate.

Long-term changes in the phenology of Australia's émperate marine
macroalgae: has climate change impacted the world®shost diverse algal flora?
(Australian Research Council, LP120100023Wernberg & Gurgel, 2012-2015):
Will will use herbarium specimens to reconstruetl®0-year baseline of reproductive
timing in dozens of seaweed species to generatevlkdge critically needed to
identify and prioritize vulnerable species.

Stress, virulence and bacterial disease in seaweeddhe rise of the microbes
(Australian Research Council DP 1096464$teinberg, Kjelleberg, Thomas, Egan
& Coleman, 2009-2012): Will test how bacterial pathogens interact with
anthropogenic stressors to impact kelps and othbéitdt-forming macroalgae and
assess if the growing impact of anthropogenic stnssin coastal systems is in fact

199
www.oceanclimatechange.org.au



Macroalgae

due to the effects of common, opportunistic pathsgacting on stressed plants and
animals.

Connectivity and Climate Change in a hotspot of o@ warming (Environmental
Trust Grant, Coleman, Roughan and Kelaher, 2012): Will meld oceanographic
modelling with ecology to predict future changesctiastal connectivity providing
decision makers the ability to implement early amdrmed adaptation responses to
climate change in the ocean.

Long term monitoring of temperate reefs in Australa using the IMOS
Autonomous Underwater Vehicle Facility (Nation-wide collaboration between
Universities [USyd, UNSW, UTas, UWA], national resarch providers [CSIRO,
AIMS], and State Government Departments [TAFI, NSW Parks and Wildlife,
FisheriesWA], 2008-):Will design and test long term monitoring of tengderreefs
in Australia using the IMOS Autonomous Underwatah\¢le Facility (AUV). The
IMOS AUV facility will provide precisely navigatetime series measurements of
water column parameters and benthic imagery usikly at selected reference
stations at key locations in Queensland, New S®#tes, Tasmania and Western
Australia. Until now, monitoring has supplied daia climate change effects on
temperate reefs, including the urchin invasion aémania and the 2011 marine heat
wave of Western Australia.
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