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Abstract
Marine heatwaves (MHWs) are discrete, unusually warm water events which can have devastating
ecological impacts. In 2011, Western Australia experienced an extreme MHW, affecting >2,000 km of
coastline for >10 weeks. During the MHW temperatures exceeded the physiological threshold for net
growth (~23 °C) for kelp (Ecklonia radiata) along large tracts of coastline. Kelp went locally extinct
across 100 km of its northern (warm) distribution. In total, an estimated 43% of the kelp along the
west coast perished, and widespread shifts in species distributions were seen across seaweeds,
invertebrates and fish. With the loss of kelp, turf algae expanded rapidly and now cover many reefs
previously dominated by kelp. The changes in ecosystem structure led to blocking of kelp recruitment
by expansive turfs and elevated herbivory from increased populations of warm-water fishes - feedback
processes that prevent the recovery of kelp forests. Water temperature has long returned to preMHW levels, yet today, eight years after the event, the kelp forests have not recovered. This supports
initial concerns that the transformation to turf reefs represents a persistent change to a turfdominated state. MHWs are a manifestation of ocean warming; they are being recorded with
increasing frequency in all oceans, and these extreme events are set to shape our future marine
ecosystems.
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Marine heatwaves and global kelp forests
Discrete periods of unusually warm conditions occur in the ocean as well as on land (Perkins and
Alexander 2012, Hobday et al. 2016). The occurrence of these ‘marine heatwaves’ (MHWs) has not
been widely appreciated until recently, when several prominent events made headlines globally
(Frölicher and Laufkötter 2018, Hobday et al. 2018). For example, the largest marine heatwave
recorded in the past ~40 years of satellite derived global sea surface temperatures occurred in
2015/16 in the northeast Pacific, where it became widely known as ‘The Blob’ (Fig. 1). At its peak
extent on 15 February 2015 The Blob covered 11.8 Mkm2, reaching a maximum intensity of 6.7 °C
above the long-term mean on 28 June 2015 (Holbrook et al. 2019). While The Blob was the largest and
longest marine heatwave recorded so far, it was not the most intense. Many smaller and shorter
events have reached higher maximum intensities, with the 2012 marine heatwave in the northeast
Atlantic reaching a wooping 10.3 °C above the long term mean on 23 March 2012 (Holbrook et al.
2019). It is, however, not the absolute extent, duration or intensity which determines how anomalous
or severe a marine heatwave is, it is the relative deviation from the temperature variation normally
experienced at a location (Hobday et al. 2018).
Marine heatwaves originate from the interactions between a very broad range of atmospheric
and oceanographic processes that cause variation in ocean temperature, at scales up to thousands of
kilometers over weeks to decades and centuries (Holbrook et al. 2019). While they are natural
phenomena, their increasing frequency, duration and intensity are a consequence of increasing ocean
temperatures due to ongoing anthopogenic climate change (Oliver et al. 2017, Frölicher et al. 2018,
Oliver et al. 2018, Oliver et al. 2019). Critically, in less than a decade, marine heatwaves have emerged
as one of the most pervasive and acute changes to the global ocean (Hobday et al. 2018, Oliver et al.
2018, Holbrook et al. 2019). Over the first 30 years of satellite recorded sea surface temperatures
there was a 95% increase in coasts experiencing ‘extremely hot’ conditions globally (Lima and Wethey

Figure 1. Prominent marine heatwaves globally. The largest marine heatwave ever recorded was ‘The Blob’,
which covered large parts of the Pacific Ocean in 2015/16 (from Frölicher and Laufkötter 2018).

Figure 2. The Western Australian 2011 Marine Heatwave. Sea surface temperature (SST) anomaly on the
peak day of the marine heatwave (MHW). The dot shows the location from which 1/4° resolution time series
of SST were extracted from NOAA OISST for the detection of MHWs. SST climatology (blue), 90th percentile
MHW threshold (green), and SST time series (black) for the MHW, where the red filled area indicates the
period associated with the main MHW, while shaded orange indicates other MHWs identified over the year.
The duration (D), maximum intensity (Imax) and cumulative intensity (Icum) of each MHW detected in the
time series (1982-2013), with every tenth event identified on the upper x-axis (from Hobday et al. 2016).

2012) and on average the number of days with marine heatwave conditions in the global ocean has
increased by >50% over the last century, with an accelerating frequency since ~1980 (Oliver et al.
2018). This implies that, on average, a location which at the beginning of the previous century
experienced 30 marine heatwave days per year now experiences 45 days of unusually warm
conditions. This represents a substantial increase in the thermal pressure on marine species.
Alarmingly, this thermal forcing has been unequivocally linked to widespread, often catastrophic,
impacts on marine ecosystems and the broad range of ecosystem services humans derive from the
oceans, including fisheries and aquaculture, recreational activities and biodiversity conservation
(Smale et al. 2019). For example, the 2003 Mediterranean MHW caused mass mortality of at least 25
invertebrate species across thousands of kilometres (Garrabou et al. 2009) and the blob resulted in
low open ocean productivity, deaths of thousands of sea lions and sea birds and an unprecedented
toxic algal bloom which impacted the shellfish industry (Gentemann et al. 2017).
Kelp forests are highly productive marine ecosystems dominated by large seaweeds. They
occur at all latitudes but are particularly prominent in temperate to polar environments where they
support vast biodiversity and valuable ecological services such as important recreational and
commercial fisheries (Wernberg et al. 2019b). Kelp forests have been in decline globally over the past
50 years (Krumhansl et al. 2016, Wernberg et al. 2019b) linked in many cases to warming and marine
heatwaves (Filbee-Dexter and Wernberg 2018). In Australia, kelp forests (Ecklonia radiata) are found
throughout the Great Southern Reef across the southern coastline of the continent (Bennett et al.
2016). In recent decades, kelp forests have shown local to regional declines in almost every part of
this unique large-scale ecosystem due to a range of processes including eutrophication, over grazing,
warming and marine heatwaves (Wernberg et al. 2019a). One of the most conspicuous cases occurred

in the Austral summer of 2010/11 when the west coast of Australia was hit by an extreme marine
heatwave. This chapter synthesises the effects of the 2011 marine heatwave on kelp forests and
temperate reefs in Western Australia, and discusses the outlook for these important ecosystems
under future climate change. Management strategies to address habitat collapse and recovery are
also discussed.

The 2011 Western Australian marine heatwave
In late 2010 and early 2011 (austral summer), a severe warming event developed along the west coast
of Australia (Fig. 2). The event, which became known as the ‘Ningaloo Niño’ (Feng et al. 2013),
developed into a category IV extreme marine heatwave which, at its peak, covered an area of 950,000
km2 and had a maximum intensity of 6.8 °C above the long-term climatological mean (Holbrook et al.
2019). The intensity of the event substantially exceeded all previous temperature records seen in 140
years of measurements from the Hadley Centre and 215 years of local coral cores (Wernberg et al.
2013, Zinke et al. 2014, Wernberg et al. 2016a). The MHW lasted 66 days, and with 24% of the time
as a category III (severe) or IV (extreme) event, it has been one of the worst marine heatwaves
recorded globally (Hobday et al. 2018). The subsequent two summers were also exceptionally warm,
with maximum intensities of 5.1 °C and 4.0 °C above the climatological mean, respectively (Holbrook
et al. 2019).
The marine heatwave was driven by a combination of oceanographic and atmospheric
conditions superimposed onto a trend of increasing ocean temperatures over the past four decades
(Fig. 3). Unusually strong La Niña conditions caused an increased flow of the Leeuwin Current, pushing
warm tropical water farther south along the west coast than normal. At the same time calm winds
facilitated an anomalously high transfer of heat from the air to the sea (Feng et al. 2013, Holbrook et
al. 2019). The extreme temperatures engulfed the entire southwestern corner of the continent (Fig.
3), where terrestrial ecosystems also experienced heatwave conditions that had detrimental effects

Figure 3. Sea surface temperatures (SST) off Perth from 1970-2011 (left) and SST anomalies around Australia
in March 2011 where the marine heatwave peaked (right). The red band indicate the temperature threshold
above which kelp (Ecklonia radiata) is unable to maintain net growth. Black X’s show monthly maximum
temperatures during the four months covering the MHW (Dec 2010, Jan, Feb, Mar 2011). Temperatures are
HadISST1 data (See Wernberg et al. 2013 for further detail).

on key biota such as eucalypt trees (Eucalyptus marginata) and threatened black cockatoos
(Calyptorhyncus latirostris) (Ruthrof et al. 2018). While there have been no formal assessments of the
economic consequences of this linked terrestrial-marine extreme event, the socio-economic costs
must have been severe across the region considering the impacts on biodiversity, forests, crops and
fisheries. For example, several valuable west coast fisheries collapsed, including the reef-associated
fisheries for Roe’s abalone (Haliotis roei) and western rock lobster (Panulirus Cygnus) in Kalbarri north
of Perth, neither of which have shown signs of recovery (Caputi et al. 2019).

Kelp forests – the biological engine of the Great Southern Reef
The coastal epicentre of the MHW coincided with the northwestern distribution limit of Australia’s
Great Southern Reef, an interconnected system of temperate rocky reefs dominated by kelp forests
(Bennett et al. 2016) – an ecosystem typically associated with cool temperate and polar latitudes
(Wernberg et al. 2019b). Up to 16 times more productive than Australia’s most productive wheat fields
(Bennett et al. 2016) these kelp forests are the biological engine of the Great Southern Reef, one of
the most unique temperate marine ecosystem in the world: across at least 7 major phyla of seaweeds,
invertebrates and reef fishes, between 30 to 80% of species are endemic to Australia (Bennett et al.
2016, Fig. 4).

Figure 4. Unique fauna and flora of the Great Southern Reef. From top left to bottom right: Australian sea
lion (Neophoca cinerea), harlequin fish (Othos dentex), weedy seadragon (Phyllopteryx taeniolatus), biscuit
star (Pentagonaster duebeni), western long-spined urchin (Centrostephanus tenuispinus), western rock
lobster (Panulirus cygnus), strapweed (Scytothalia dorycarpa), Neptunes’ shield (Rhodopeltis borealis), red
sausage weed (Gloiosaccion brownii), and green scalpel weed (Caulerpa scalpelliformis) (all photos T.
Wernberg).

Before the MHW, common kelp (Ecklonia radiata, Wernberg et al. 2019a) and habitat-forming fucoids
such as strapweed (Scytothalia dorycarpa, Coleman and Wernberg 2017) were abundant on most
rocky reefs between 0-40m depth along ~800km coastline from The Capes (34°S) to Kalbarri (28°S)
(Wernberg et al. 2011b, Marzinelli et al. 2015). In fact, these cool-water kelp forests covered 70-90%
of most reefs irrespective of latitude (Fig. 5, Fig. 6, Wernberg et al. 2010, Wernberg et al. 2011b) and
reef communities from the Capes to Kalbarri were almost identical, as they were dominated by the
same cool-water species (Wernberg et al. 2016a).
The unique marine ecosystems along the west coast responded immediately to the marine
heatwave. Warm-water charismatic megafauna such as tiger and whale sharks were observed
hundreds of kilometres farther south than normal, there were fish kills, starving sea birds, mass
mortality of abalone, unprecedented coral bleaching, and fouling and mortality of seagrasses and
seaweeds (Pearce et al. 2011). While many of these initial observations were qualitative anecdotes,
their collective represents a strong testimony of how all levels of the ecosystem were affected, from
macrophyte primary producers to vertebrate apex predators.

Kelp forests transformed to turf reefs
The most extensive and conspicuous impact of the MHW was the loss of kelp forests across extensive
tracts of rocky reef and their replacement by algal turfs, small filamentous and foliose seaweeds tightly
packed with sediments (Fig. 5, Fig. 6). The impacts were greatest at the warm distribution limit of
temperate reefs, where there was a ~100 kilometer range contraction of both common kelp
(Wernberg et al. 2016a) and strapweed (Smale and Wernberg 2013) from their northern distribution
limits in Kalbarri and Jurien Bay, respectively. Overall, an estimated 43% of common kelp forests
between the Capes and Kalbarri were lost as a consequence of the 2011 MHW (Wernberg et al.
2016a).

Figure 5. Collapse of kelp forests and the rise of turfs in Kalbarri, Western Australia. Prior to the 2011 marine
heatwave (big red spike) kelp forests (dark blue line) covered 80-100% of reef surfaces (Fig. 6, left). After the
MHW kelp forests were completely gone and the reefs were quickly covered in 70-90% turf algae (dark red
line) (Fig. 6, right). The blue and red bars show satellite-derived (OISST) monthly mean sea surface
temperature anomalies relative to the long-term climatological baseline (1982-2018) (Wernberg et al.
2016a).

Figure 6. Reef in Kalbarri before (left) and after (right) the 2011 marine heatwave. Before the MHW reefs
were covered by a dense canopy of kelp (Ecklonia radiata) with an understorey comprised of pink crusts of
coralline algae and small shade tolerant foliose red algae typical of cool water (e.g., Rhodopeltis,
Rhodymenia, and Pterocladia). After the MHW kelps were gone and the reef surface was covered by
sediment-packed turf algae and small foliose brown algae typical of warmer environments (e.g., Lobophora,
Padina and Sargassum) (photos: T. Wernberg).

At the same time, there was a decline in cool-water species and expansion of warm-water species
including seaweeds, invertebrates and many reef fishes, resulting in an overall ‘tropicalisation’ of the
reef communities (Wernberg et al. 2013, Bennett et al. 2015, Richards et al. 2016, Wernberg et al.
2016a, Lenanton et al. 2017, Smale et al. 2017). Specifically, at many sites kelp, turban snails (Lunella
torquata) and purple urchins (Heliocidaris erythrogramma), which are characteristic of cooler waters,
declined or disappeared while warm-water seaweeds including Sargassum, Lobophora and Padina
increased substantially in cover and biomass (Smale and Wernberg 2013, Wernberg et al. 2016a). A 23 fold increase in the occurrence of small (juvenile) coral colonies was also observed (Wernberg et al.
2016a, Tuckett et al. 2017) along with an increase in western long-spined urchins (Centrostephanus
tenuispinus) (Smale et al. 2017) and range-extensions of many other invertebrates including sponges,
crustaceans and echinoderms (Richards et al. 2016).
Reef fishes showed particularly conspicuous changes after the MHW (Bennett et al. 2015,
Richards et al. 2016, Parker et al. 2019). At the northern end of temperate reefs around Port Gregory
and Kalbarri, cool-water species such as herring cale (Olisthops cyanomelas), and dusky morwong
(Dactylophora nigricans) declined and warm water species increased (Bennett et al. 2015). Overall,
more new species of reef fishes were observed than existing species disappeared, resulting in an
overall increase in species richness. Increases were seen across most functional groups of reef fishes.
More specifically, the influx of new fish species resulted in higher abundances of herbivorous fish,
higher grazing activity, and an increase in the functional diversity of these fish (Bennett et al. 2015):
before the MHW there were relatively few herbivorous fishes and they were dominated by ‘browsers’
(fish that bite at the top of the seaweeds, such as sea chubs [Kyphosus spp.]). After the MHW ‘grazers’
(fish that bite small algae and mixed turf and sediments at the bottom, such as parrot fish [Scarus
spp.]) became very abundant. The region experienced a 400% increase in abundance of fish herbivores
with consumption rates comparable to those seen in healthy coral reefs (Bennett et al. 2015). At the
same time, Rottnest Island 20km off the coast of Perth, experienced record levels of recruitment of
tropical fish (Pearce et al. 2011).

Before the MHW, rabbitfish (Siganus fuscescens), a common fish in subtropical and tropical reefs that
both browses and grazes, were rarely seen south of Kalbarri and had not been recorded in fish
transects from Perth (Zarco-Perello et al. 2017). However, after the MHW, rabbitfish established
persistent populations at many reefs as far south as Perth (~32 °S) (Lenanton et al. 2017, Zarco-Perello
et al. 2017), where they today are the most abundant herbivores with negative impact on kelp (Fig. 7,
Zarco-Perello et al. 2017). A small commercial fishery for rabbitfish, which is stil in existence, even
opened in Cockburn Sound (Perth) (Lenanton et al. 2017). Rabbitfish have also expanded down the
east coast of Australia, where their grazing over a 10-year period contributed to the disappearance of
kelp forests at sites around the Solitary Islands (~30°S) (Vergés et al. 2016).
Although the extreme water temperatures of the MHW have subsided, the turf reefs between
Port Gregory and Kalbarri have persisted since the extreme event (Fig. 5). The few kelp individuals that
have been observed have had very poor survivorship and there are no signs of recovery at the reefs
observed for almost 20 years (cf. Fig. 5) at the northern extent of the historical distribution of kelp

Figure 7. Before the MHW rabbit fish (top left, photo: T. Wernberg) were only rarely seen south of Kalbarri.
After the MHW they became common, even dominant, at many reefs as far south as Perth (bar graphs, blue
before, orange after the MHW, error bars: standard error), where they continue to persist and negatively
affect local kelp forests (data from Zarco-Perello et al. 2017).

forests (T. Wernberg, personal observation, 2019). It is likely that turf blocking recruits and the
increase in grazing rates by herbivorous fishes together present major inhibitory feedback
mechanisms that now prevent the recovery of kelp forests, and instead promote and maintain
domination by turfs (Fig. 8, Bennett et al. 2015, Zarco-Perello et al. 2017, Filbee-Dexter and Wernberg
2018).

Thresholds of kelp forest collapse
Kelps are generally considered cool-water species (Wernberg et al. 2019b). This is also true for
Ecklonia radiata even if it is one of the most warm-tolerant laminarian kelp species (Wernberg et al.
2019a). Physiological studies have shown that net photosynthesis of E. radiata increases with
temperature until ~24 °C after which it drops rapidly, as a consequence of collapsing photosynthesis
and increasing respiration at higher temperatures °C (Stæhr and Wernberg 2009, Smale and Wernberg
2013, Wernberg et al. 2016b).
Extensive measurements of growth and erosion have shown a threshold of ~23 °C above
which E. radiata is no longer able to maintain positive net-growth (i.e., above 23 °C it erodes and
disintegrates faster than it grows) (Wernberg et al. 2019a). This threshold for persistence corresponds
to the physiological threshold for maximum net photosynthesis, and observations of reduced growth
and survivorship at the Houtman Abrolhos Islands (~28 °S) near the warm range limit of kelp on the

Figure 8. Schematic summarising the heatwave driven regime shift from kelp forests to turf reefs. The
heatwave pushed kelps beyond their temperature tolerance, causing their collapse and allowing the
expansion of turf algae (forward shift). At the same time there was an influx of warm-water fish herbivores.
Subsequently, even after temperatures returned to pre-heatwave conditions or cooler, the kelp forest has
not recovered, indicating hysteresis in the system. It is unknown how much cooler it needs to be, or what
other perturbations might be required, before the system can revert back to kelp (reverse shift).

west coast (Hatcher et al. 1987), where temperatures often reach 24 °C. It is further consistent with
the negative relationship between growth and summer temperatures >21 °C in Perth (~32 °S)
(Bearham et al. 2013). Importantly, ocean temperatures exceeded the ~23 °C threshold for at least
two of the four months the MHW lasted (Fig. 3, Wernberg et al. 2018).
The ultimate cause of the decline and local extirpation of habitat-forming kelps was likely
prolonged extreme temperatures. However, the effect was likely exacerbated by the underlying
patterns of genetic diversity along the coastline. Specifically, the southern (cool) kelp forests have
higher levels of genetic diversity than the northern (warm) kelp forests (Wernberg et al. 2018). Indeed,
canopy clearing experiments at different latitudes had previously suggested that northern (warm)
locations had lower resilience to disturbance than southern (warm) locations (Wernberg et al. 2010).
The MHW affected the entire reef community and likely contributed to all species responses.
However, warming per se might not have been the only contributing factor for many species. For
example, the MHW was in part caused by an exceptionally strong poleward flow of the warm Leeuwin
Current (Feng et al. 2013), increasing the delivery of warm-water fish recruits to temperate latitudes
(Hutchins and Pearce 1994, Pearce et al. 2011). Moreover, many tropical fish (Beck et al. 2017) and
coral (Tuckett et al. 2017) require open reef patches to recruit, and might have been restricted more
by the dense kelp canopy prior to the MHW than low temperature per se. Their expansion after the
MHW could therefore, at least partly, have been driven by competitive release with the disappearance
of the canopy, rather than temporarily elevated temperatures.
In summary, the cumulative evidence strongly suggests that, the ultimate cause of the
collapse of kelp forests, and regime shift to turf reefs, was extreme temperatures exceeding the
physiological threshold for net growth (~23 °C) of the main habitat-forming kelps for a prolonged
period (8-10 weeks) (Fig. 8). Where the kelp disappeared, competitive release allowed turf algae to
expand. At the same time an unusually high influx of warm-water herbivores such as rabbit fish
(Siganus fuscescens), sea chub (Kyphosus spp.) and parrot fish (Scarus spp.) caused a substantial
increase in grazing pressure. The expansive turf and increased grazing now effectively counteract any
potential recruitment and recovery of the kelp forest. Temperatures have long returned to preheatwave conditions (Fig. 5), indeed the past couple of winters have been some of the coldest on
record (e.g., Tuckett and Wernberg 2018), yet the system has shown considerable hysteresis and has
not yet returned to kelp forests. It is unknown how much cooler it needs to be, or what other
perturbations to the fish or turf communities might be required, before the system can revert back to
kelp.

The future of kelp forests in Western Australia
Current projections for global warming indicate that even if carbon emissions were to cease
altogether, the planet is locked into at least another +0.5 °C increase in mean temperature in addition
to the +1 °C above pre-industrial levels already recorded (Mauritsen and Pincus 2017). Realistically,
however, the increase will be much greater over the coming decades as carbon emissions have been
tracking scenarios projecting as much as +2.7 °C or more from today by 2100 (Peters et al. 2012). The
+1 °C already recorded has been associated with a 50% increase in global marine heatwaves (Oliver et
al. 2018). While marine heatwaves are also natural phenomena, modelling studies have shown
anthropogenic climate change to cause a substantial increase in their severity and likelihood of
occurrence (Oliver et al. 2017, Frölicher et al. 2018). Consequently, projections predict severe
increases in both the intensity and duration of marine heatwaves as the global oceans continue to
warm (Oliver et al. 2019). Marine heatwaves are therefore now recognised as a major force that will

impact marine ecosystems and associated ecosystem services into the future (Frölicher et al. 2018,
Smale et al. 2019). If we keep tracking the pessimistic trajectory of warming, the west coast of Western
Australia could reach permanent MHW conditions relative to current baselines sometime between
2040-60 (Oliver et al. 2019). Like the 2011 event, future MHWs in southwestern Australia will likely
be associated with variations in the southward flow of the Leeuwin Current, which in turn is strongly
influenced by the ENSO cycle and La Niña conditions in particular (Feng et al. 2013). Given projections
of a doubling in the frequency of extreme La Niña events in the coming decades (Cai et al. 2015) a
near future of more severe MHWs seems inescapable for the southwest.
Species distribution models for kelp and other large seaweed in Australia project substantial
range contractions by the year 2100 (Martínez et al. 2018). Even under the most aggressive, likely
unrealistic carbon mitigation scenario (RCP2.6, van Vuuren et al. 2011), most of the modelled species
were projected to lose 50-80% of their current distribution (Martínez et al. 2018). More specifically,
in Western Australia, currently dominant species like strapweed (Scytothalia dorycarpa) and kelp
(Ecklonia radiata) are projected to disappear from the west coast to be confined to small pockets on
the south coast (Martínez et al. 2018). Importantly, these projections are based on gradual increases
in mean ocean temperatures and are therefore likely to be highly conservative estimates because they
do not incorporate the compounding impacts of extreme evens such as MHWs, biological species
interactions such as changes in herbivory or additional stressors from non-climate related processes
including eutrophication, pollution and fishing (Connell et al. 2008, Ling et al. 2009, Wernberg et al.
2011a, Vergés et al. 2014). Projections and recent case-studies for kelp forests in New Zealand
(Thomsen et al. 2019), Japan (Tanaka et al. 2012, Takao et al. 2015), Europe (Assis et al. 2017, FilbeeDexter et al. In press) and North America (Wilson et al. 2019) paint a similarly bleak future for many
kelp forests globally.
To date there have been few signs that the northern kelp forests in Western Australia are
recovering from the impacts of the 2011 MHW and the shift to turf and other seaweeds could be longterm persistent or even irreversible. The decline in kelp and transitions to turf seen in Western
Australia and across Australia (Coleman and Wernberg 2017, Wernberg et al. 2019a) are part of a
broader picture of declining kelp forests and expanding turf reefs globally (Krumhansl et al. 2016,
Filbee-Dexter and Wernberg 2018, Wernberg et al. 2019b). Worryingly, 61% of the world’s kelp forests
have been in decline over the past five decades (Krumhansl et al. 2016, Wernberg et al. 2019b), and
many regionally different direct and indirect processes are causing these declines, including
harvesting, fishing, herbivory, eutrophication, warming and heatwaves (Krumhansl et al. 2016, FilbeeDexter and Wernberg 2018). While it is clear that many different drivers can lead to the same outcome
– loss of kelp forests - the emerging picture is, that warming and marine heatwaves have been
implicated, in one way or another, in most cases although baseline data rarely are sufficiently robust
to tease apart their relative contribution (Filbee-Dexter and Wernberg 2018). However, what we do
know is that where reefs have transitioned from kelp forests to turf reefs, there have been no reports
of turf reefs recovering back to past kelp forests (Filbee-Dexter and Wernberg 2018). In light of this,
and the overwhelmingly consistent projections of environmental changes that will be increasingly
challenging to kelp forests, it is difficult to be optimistic for the long-term future of kelp forests in
Western Australia.

Help the kelp: we can do something!
It is easy to get mesmerised and paralysed by the magnitude and complexity of the problems
associated with climate change and increasing MHWs. However, there are several things we can and

should do to mitigate and minimise the ecological and socio-economic consequences of marine
heatwaves and changing ecosystems (e.g., Vergés et al. 2019).
First, we must treat the root cause: ocean warming caused by anthropogenic emissions of
greenhouse gasses. It is critical we curb carbon emissions as this is the only safe way to limit future
warming (Peters et al. 2012). This will be an important investment for future generations, as lag effects
from CO2 already emitted will result in significant warming over the coming century regardless of
present-day actions (Mauritsen and Pincus 2017).
Second, because our oceans will continue to warm over the coming century, we need to invest
in boosting the resilience of our kelp forests and other marine ecosystems (Wernberg et al. 2019b).
This implies a shift in research focus from cataloguing calamities to providing solutions based around
a range of options. Passive approaches include catchment management, marine protected areas and
fishing restrictions all of which aim to increase the resistance of marine ecosystems through limiting
their exposure to multiple stressors (e.g., eutrophication and pollution), that compound the impacts
of warming (Wernberg et al. 2011a, Strain et al. 2014), or protects natural ecological processes (e.g.,
predation, herbivory) that confer ecosystem resistance to change (Bates et al. 2014, Ghedini et al.
2015). However, passive approaches can be slow or inefficient (e.g., Bruno et al. 2019), and where
changes have gone too far or are happening too fast, active intervention could be required. Active
interventions seek to maintain or re-establish ecosystems (or key ecosystem services) through direct
manipulation ranging from habitat rehabilitation and restoration through translocation (assisted
migration), species replacements (functional redundancy) and assisted evolution of strong genotypes
to gene editing and fully synthetic biology (reviewed in Coleman and Goold 2019, Layton et al. 2019,
Vergés et al. 2019, Wernberg et al. 2019b). While several of these options currently are ethically
contentious (e.g., gene editing), it is nevertheless important to do the science and have the initial
conversations that will ultimately assist the best decisions if and when these more extreme measures
become the only option to ensure long term survival of kelp forests (Filbee-Dexter and Smajdor 2019).
On the more practical side of things, we also need to use new technology and old-fashined enginuity
to improve the success of local interventions. For example, use shape-recognising underwater robots
to seek out and kill kelp eating sea urchins (Layton et al. 2019) or the simple yet efficient idea of
seeding kelp onto gravel, which can then be scattered across large areas dominated by turf, at low
cost (Fredriksen et al. 2019).
Third, we should acknowledge that some changes are inevitable and focus attention on
understanding what future marine ecosystems might look like and what new opportunities might
arise. More specifically, in many cases it will not be possible (or feasible) to halt or revert ecosystem
change (Johnson et al. 2017). In this context, ocean warming and marine heatwaves will have
ecological winners as well as losers, and new ecosystem services will arise where current ones are lost
(Vergés et al. 2019). For example, while the 2011 MHW led to declines and collapses in several west
coast fisheries (Caputi et al. 2019) it also opened the opportunity for a small new fishery for rabbitfish
(Lenanton et al. 2017).
Climate change, and with it the exposure to extreme events including marine heatwaves, will
only go in one direction for the foreseeable future. Indeed, one of the few certainties at the moment
is that the reefs of tomorrow will be substantially different from the reefs of today, and that marine
heatwaves will play a key role in shaping the structure and function of our future coastal ecosystems.
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